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STRUCTURAL BIOLOGY

Structures of the 26S proteasome in complex with the
Hsp70 co-chaperone Bag1 reveal a mechanism for

direct substrate transfer

Moisés Maestro-Lopez't, Tat Cheung Cheng?>t, Jimena Muntaner't, Margarita Menéndez*>,
Melissa Alonso', Andreas Schweitzer*®, Masato Ishizaka?, Robert J. Tomko Jr.’”, Jorge Cuéllar'*,

José Maria Valpuesta'*, Eri Sakata®®*

Coupling between the chaperone and degradation systems, particularly under stress, is essential for eliminating
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unfolded proteins. The co-chaperone Bag1 links Hsp70 to the 26S proteasome, recruiting Hsp70-bound clients for
proteasomal degradation. Here, we present cryo-electron microscopy structures of the Bag1-bound 26S protea-
some, revealing unprecedented conformational rearrangements within the 195 regulatory particle. Bag1 binding
to the Rpn1 induces a marked reconfiguration of AAA* adenosine triphosphatase (ATPase) ring, disrupting its ca-
nonical spiral staircase and remodeling the central channel architecture. This reconfiguration generates a large
cavity above the substrate entry gate of the 20S core particle. The conserved pore-2 loops of ATPases Rpt2 and
Rpt5 play critical roles in opening of the 20S gate, enabling substrate entry into proteolytic chamber indepen-
dently of ubiquitination. These findings suggest a previously unknown mechanism of the proteasomal degra-
dation, by which remodeling the central cavity and 20S gate in the presence of Bag1, possibly bypassing the need

for ubiquitination.

INTRODUCTION

The coordination between the chaperone network and protein degra-
dation pathways is crucial for maintaining cellular proteostasis (I).
Chaperones attempt to refold nascent or abnormal proteins and solu-
bilize aggregated proteins, but, when they fail to refold, aberrant
proteins are eliminated through regulated degradation (2, 3). In the
ubiquitin (Ub)-proteasome system, covalent conjugation of polyu-
biquitin chains on substrates directs specific protein degradation by
the 268 proteasome (3, 4). The degradation process starts with the
recognition of ubiquitinated substrates by the 19S regulatory particle
(RP), followed by their unfolding and translocation through a central
channel into the proteolytic chamber of the 20S core particle (CP)
(4, 5). Six AAA™ adenosine triphosphatase (ATPase) subunits, Rpt1-
6, unfold substrates by processive threading through the central chan-
nel, fueled by sequential adenosine 5'-triphosphate (ATP) hydrolysis
(6-8). Proteasome function is finely tuned by transiently associated
cofactors, as represented by Ub-like (UBL)-Ub-associated proteins
(Rad23 and Dsk2/Ubqln), which help to recruit polyubiquitinated
substrates to the 26S proteasome (9). The UBL domain can be found
in other proteasome cofactors with different functions, including
the deubiquitinating enzyme (DUB) Ubp6/Usp14 (10) and the Hsp70
co-chaperone Bcl-2-associated anthanogene 1 (Bagl) (11).

ICentro Nacional de Biotecnologia (CNB-CSIC), 28049 Madrid, Spain. 2Institute for
Neuropathology, University Medical Center Géttingen, 37073 Géttingen, Germany.
3Multiscale Bioimaging: From Molecular Machines to Networks of Excitable Cells
(MBExC), University of Gottingen, 37073 Géttingen, Germany. “Instituto de Quimica-
Fisica Blas Cabrera (IQF-CSIC), 28006 Madrid, Spain. °CIBER de Enfermedades Respi-
ratorias (CIBERES; ISCIIl), 28029 Madrid, Spain. ®Institute for Auditor;/ Neuroscience,
University Medical Center Géttingen, 37073 Gottingen, Germany. ‘Department of
Biomedical Sciences, Florida State University College of Medicine, Tallahassee, FL
32306, USA.

*Corresponding author. Email: jcuellar@cnb.csic.es (J.C.); jmv@cnb.csic.es (J.M.V.);
eri.sakata@med.uni-goettingen.de (E.S.)

tThese authors contributed equally to this work.

Maestro-Lépez et al., Sci. Adv. 12, eadz3026 (2026) 20 February 2026

Besides the degradation of ubiquitinated proteins, the proteasome
can also process certain proteins through Ub-independent pathways.
For example, unfolded proteins (12, 13), intrinsically disordered pro-
teins (IDPs) (14, 15), and some specific regulatory proteins, which
require rapid turnover during signal and stress responses (16-18),
have been reported to be eliminated through Ub-independent mech-
anisms, sometimes with the assistance of adaptor proteins. However,
the precise mechanisms by which the 26S proteasome executes Ub-
independent degradation remain poorly understood.

Hsp70s are a large family of chaperones that use an ATP-driven
conformational cycle to recognize misfolded proteins, promote re-
folding, and prevent/resolubilize protein aggregation (1-3). Hsp70s
contain two highly conserved domains, the nucleotide-binding do-
main (Hsp70ngp) and the substrate-binding domain (Hsp70spp)
(fig. S1A). The Hsp70 ATP/adenosine 5’-diphosphate (ADP) cycle is
regulated by two distinct protein families: Hsp40s, which induce ATP
hydrolysis, and nucleotide exchange factors (NEFs), which facilitate
the ADP/ATP exchange (2, 19, 20). One of these NEFs is Bagl and was
initially identified as a binding partner of the anti-apoptotic protein
Bcl-2 (21). Bagl, which has been shown later to interact with Hsp70
(22, 23), is involved in a wide range of cellular pathways, including
proteostasis, apoptosis, DNA transcription, proliferation, and neu-
ronal homeostasis (24-27). Bagl contains UBL (Baglypr) and BAG
(Baglpp) domains (fig. S1A); it interacts with the 26S proteasome
through Baglypy, and with Hsp70xgp through Baglpp (11).

Although the mechanism by which the proteasome degrades
ubiquitinated proteins has been structurally elucidated (6, 7), it re-
mains uncertain how the 26§ proteasome, assisted by Bagl, trans-
locates Hsp70 clients into the CP. Here, we report cryo—electron
microscopy (cryo-EM) structures of the Bagl-bound 26S protea-
some. These structures reveal that Bagl plays a key role in the struc-
tural and functional regulation of the 26S proteasome. Our results
demonstrate that Bagl not only physically links Hsp70 to the pro-
teasome through Rpn1, thus facilitating delivery of client proteins to
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the proteasome, but also triggers a series of conformational alterna-
tions within the proteasome RP. These reconfigurations suggest that
client proteins can be degraded independently of ubiquitination and
potentially without ATPase motor activity.

RESULTS

The Hsp70-co-chaperone Bag1 interacts with the
proteasome subunit Rpn1

We first used size exclusion chromatography (SEC) to test whether
Bagl directly interacts with any of the Ub receptors of the protea-
some (Rpnl, Rpnl0, and Rpnl3 subunits). Bagl forms a complex
with Rpnl through the UBL domain (Fig. 1A and fig. S1C), but not
with Rpn10 (fig. S1D) or Rpn13 (fig. S1E). Rpnl is composed of an
N-terminal domain (Rpnlyrp), a C-terminal domain (Rpnlcrp),
and a toroidal domain (Rpnlrp) with so-called T1 and T2 interfaces
which interact with Ub and UBL, respectively (fig. S1, A and B) (28).
Deletion of the N-terminal Rpn1(1-260) had no impact on Bagl
binding (fig. S1G). Furthermore, formation of a ternary complex
consisting of Hsp70, Bagl, and Rpn1 was observed (Fig. 1B), despite
of no direct interaction between Hsp70 and Rpn1 (fig. S1F). Isother-
mal titration calorimetry (ITC) experiments showed that Bagl had
a higher affinity for Hsp70xpp (Kg & 50 nM) than for Rpnl [disso-
ciation constant (Kg) ~ 500 nM] (fig. S2, A to C). Titration of Bagl
with an equimolar mixture of Hsp70 and Rpn1 resulted in the for-
mation of the ternary complex (fig. S2D), confirming that Bagl is
capable of concurrently binding to Hsp70 and Rpn1, as demonstrated
by SEC (Fig. 1B and fig. S1H). In the complex with Bagl and Rpnl,
Hsp70 can still recognize unfolded proteins, as indicated by Hsp70
client, reduced and carboxymethylated lactalbumin (RCMLA), being
present in SEC analysis (Fig. 1B and fig. SIH) (29).

Structural characterization of the

Hsp70ngp:Bag1:Rpn1 complex

Next, we analyzed by cryo-EM the structure of the ternary com-
plex formed by Hsp70, Bagl, and Rpnl (Hsp70:Bagl:Rpnl). To re-
duce the structural heterogeneity of Hsp70 (30), we used only
Hsp70npp. The complex was further stabilized with the cross-linker
bis(sulfosuccinimidyl)suberate (BS3) (fig. S1I). After three-dimensional
(3D) classification, we obtained two classes of the Hsp70npp:Bagl:Rpnl
ternary complex with different Baglypy, orientations (Fig. 1C and
figs. S3 and S4A). The interaction between Hsp70xpp and Baglpp is
identical to that observed in the crystal structure of Hsc70npp:Baglpp
(fig. S4B) (31). The remaining density, likely corresponding to Rpnl,
was too weak to be identified unambiguously due to the structural
flexibility (fig. S4C). Cross-linking mass spectrometry (XL-MS) analy-
sis of the full-length Hsp70:Bagl:Rpnl complex identified multiple
inter-protein cross-links among the three components (fig. S4D and
table S1). Notably, both Hsp70xgpp and Hsp70spp were predominantly
cross-linked to Rpn1lrp, with fewer interactions with Rpnlnrp, leading
us to conclude the remaining density in the cryo-EM map corresponds
to Rpnl. AlphaFold-Multimer predictions (32) of the ternary complex
support our structure, showing that Bagl interacts with Rpnlp via
Baglypr, mediated by a hydrophobic patch around Baglyg; Ile76,
which is similar to other proteasome binding proteins (figs. S4, E
and F, and S10, A and B) (18, 28, 33, 34). The structural model of
Hsp70ngpp:Bagl:Rpnl, based on our cryo-EM reconstruction, reveals
that Rpnlyp is sandwiched between Baglpp and Baglyp (Fig. 1C
and fig. S4),
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Cryo-EM structures of the Bag1-bound 26S proteasome
Having identified Rpnl as the Bagl binder, we next performed cryo-
EM analysis of the Bagl-bound 26§ proteasome stabilized with BS3
(figs. S5 and S6). Unexpectedly, the 26S-Bag dataset displayed a more
complex conformational landscape compared to the control (26S:BS3),
as revealed by cryoDRGN analysis (fig. S6, F and G) (35). Further 3D
classification identified three major conformational states, namely, S,
Spaci and Sgagy, while the Sy state predominantly appeared in the con-
trol dataset (figs. S5 and S6G). The Sy state (19.3% of cleanup up
particles) represents the primary substrate-binding state, which is
dominant in the absence of substrates to restrict access to the 20S CP
(6, 7, 34). The Spac structures (10.6% of cleaned up particles) exhibits
substantial ATPase deformation and additional density attached to a
relatively stable Rpn1 (Fig. 1D). Further 3D classification of Sgac; par-
ticles revealed three subclasses representing different extent of ATPase
deformation (Sgag1.1> Seac1.2> and Spagis) (figs. S5 and S7A). The
Spacz class, which account for nearly half of the total particles in the
268:Bagl dataset (46.8% of clean up particles), was highly heteroge-
neous (figs. S5 and S6H), and all subclasses showed ATPase deforma-
tion, albeit to a lesser extent than Sgag; (Fig. 2F), accompanied by
extensive Rpn1l dynamics (figs. S7, B and C, and S8A). A subclass with
better-resolved Rpnl was refined as the representative of the Spag,
structure. After refinement, we obtained four reconstructions of
SBAGI.1> SBAG1.2> SBAG1.3> and Spagz with overall resolutions of 3.5 to
3.7 A (figs. S5 to S7).

The observed extra mass in the Spag1.1.13 structures is associated
with the T2 site (28, 34) of Rpn1 and was attributed to Baglyp, which
aligned with previous studies (18, 34) (Fig. 1, D and E; and fig. S10, A
to C). Due to the extensive flexibility of Rpn1 (fig. S8A), Bagl density
was not observed in Spac; reconstruction (fig. S7, B and C). However,
refinement of one subclass that contains better-resolved Rpn1 allowed
us to visualize the Baglygy, in Spac: (fig. S8B), suggesting that the ap-
parent absence of Bag1 in Spag, results from the extensive flexibility of
Rpnl. In contrast, the Baglpp density was not clearly observed in any
of four reconstructions. To address this, we performed XL-MS analy-
sis of the reconstituted Hsp70:Bagl:Rpnl:ATPase complex using iso-
lated ATPase ring from yeast. Within this heterobase complex, we
identified various cross-links, including Rpn1-Bagl, Bagl-Hsp70,
Rpnl-Hsp70, Rpnl-Rpt2, Hsp70-Rpn2, and Hsp70-Rpt2 (table S2),
indicating the spatial proximity between Baglgp and Rpnl, as well as
Hsp70 and Rpnl. Subsequently, atomic models of the 26S:Baglypr,
complex in the Spag1.1 state were generated.

Dynamic conformational alternation of the AAA* ATPases
induced by Bag1-binding

Spac structures showed substantial dissimilarities from previously
reported EM maps (Figs. 2 to 4 and figs. S9 and 10) (28, 34). Among
previously reported structures, the Spy state represents one of the
clearest examples of a gate-opening conformation (34), which will
be discussed below. Besides, in both the Sgag and Spy states, the
pore-2 loop of Rpt2, which is a key element in gate opening, is posi-
tioned near the CP, leading us to use the Spy as a reference for the
following structural comparison. In the Spac1 1 state, the lid complex
tilts ~17.7° anticlockwise and shifts by ~19.8 A toward the Rpnl N
terminus compared to that in the Spy state (fig. S10D). Rpn1 changes
its position, shifting ~15.0 A and rotating ~14.7° toward the interface
connecting the ATPase and origosaccharide-binding (OB) domains
of both Rptl and Rpt2 (Fig. 2, A and C). The Rpnlyp lies in close
proximity to the Rptl OB domain, and the Rpnlcrp makes contact
with the Rpt2 ATPase domain (Fig. 2C). In canonical proteasomes,
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Fig. 1. Bag1 interacts with Rpn1 and Hsp70. (A) SEC analysis of the interaction between Bag1 and the proteasome subunit Rpn1. The shift in the elution profile of the sample
containing Bag1 and Rpn1 (orange) indicates the formation of a complex compared with Bag1 (red) and Rpn1 (goldenrod) alone. SDS-polyacrylamide gel electrophoresis (PAGE)
of the corresponding elution fractions is shown in fig. S1C. (B) SEC analysis of the Hsp70-Bag1-Rpn1 complex with a model substrate reduced and carboxymethylated lactalbumin
(RCMLA). The sample containing Hsp70, Rpn1, and Bag1 (green) elutes earlier than the Bag1:Rpn1 complex (orange), showing a formation of a ternary complex. Upon addition of
RCMLA to the ternary complex (purple), a shift in the elution peak was observed, demonstrating that the model substrate interacts with the ternary complex. SDS-PAGE of the
corresponding elution fractions is shown in fig. STH. (C) Different views of the cryo-EM map (4.8-A resolution) of the Hsp70ygp:Bag1:Rpn1 ternary complex. AlphaFold prediction
(32) of Hsp70ngp (blue) and Bag1 (Bag1sp in red and Bag1ygy in green) was docked into the final map. The remaining density, which is presumably attributed to part of Rpn1, is
colored in beige, with the T2 site in goldenrod. Bag1 interfaces to the putative Rpn1 density are indicated with black asterisks. (D) Cryo-EM reconstruction of the Bag1-bound 265
proteasome in Sgac.1 at 3.6-A resolution. The Bag1ug, is observed, while the Bag1gp missing in the map due to the structural dynamics of Rpn1 and Bag1. Color codes are as fol-
lows: CP (white), ATPase domain (rosy brown), OB domain and coiled-coil (orange), Rpn1 (beige), Bag1yg. (light green), Rpn11 (light yellow), and Lid (light blue). (E) Binding of
Bag1yg. to the T2 site of Rpn1 in the proteasome. The inset shows contacts between Rpn1 and Bag1yg. All structural figures were created using ChimeraX (66).
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Fig. 2. Dynamic conformational changes of the 26S proteasome induced by Bag1. (A and B) Structural comparison of the cryo-EM reconstruction of the 265 proteasome in
Seag1.1 With the Spy state [Protein Data Bank (PDB): 7W3K in teal] (34), focusing on Rpn1 (A) and the ATPase ring (B). The EM densities of the highlighted subunits in Sgag1.1 are shown
in gold, and the Sps model is displayed as a ribbon representation. Bag1ygy is shown in light green and the rest of densities are shown in light gray. The changes in shift (angstrom)
and angle (degrees) are indicated. (C to E) Comparison of individual subunits in Sgag1.1 and Spa (PDB: 7W3K) states. Structural differences in Rpn1 (C), Rpt2 (D), and Rpt4 (E) are high-
lighted. Two structures are aligned to the CP a ring. The atomic model of the 20S CP is shown in white. Rpn1 is shown in beige for Sgag.1 and in teal for Sps (C). Rpt2 and Rpt4 in Sgag.1
are depicted in salmon and pink, respectively, while the structures in the Sp, are shown in transparent [(D) and (E)]. (F) Structural comparison of the ATPase ring (rosy brown) and
Rpn1 (beige) in the Sps (EMDB: 32282; and PDB: 7W3K), Sgac1.1, and Sgaga reveals that the ATPase rings in Sgag are deformed and creates a large cavity at the center. (G) Averages of
the contact area between the ATPase domains of two adjacent Rpt subunits in different conformational states, calculated by ChimeraX (66). Individual values for each structure are
shown in dots and the median with a black dashed line. The Sgag1.1 has overall contact surfaces 3.5-fold smaller than the other conformational states. (H) The Rpt2 N terminusse.41
(highlighted in red) shifts from at the interface with Rpn1 toroid domain to the interface between its own OB and ATPase domains, resulting in an enlarged interdomain interface.
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Fig. 3. Deformation of the ATPase ring in Sgag. (A) Cross sections of cryo-EM maps in Sps (EMDB: 32282; and PDB: 7W3K) (34) and the Bag1-bound conformations, Sgag1.1
and Sgaga, focusing on the interface between the OB and ATPase rings (top). Conformational rearrangements within the ATPase ring produce a substantial opening at the
OB-ATPase interface. Cryo-EM densities are shown in transparent. Corresponding segmentations of the ATPase rings (bottom) reveal a large central cavity in the Bag1-bound
conformations, whereas the ATPase ring is tightly packed in Sps. Atomic models of the subcomplexes and individual Rpt subunits are colored as follows: OB ring (light orange),
20S CP (white), Rpt1 (light blue), Rpt2 (salmon), Rpt6 (purple), Rpt3 (green), Rpt4 (hot pink), and Rpt5 (yellow). Structural model of the Sgaga ATPases was created by rigid-body
fitting of individual domains. (B) Structural comparison between Sgag1.1 and Sps, focusing on Rpt3 (olive) and Rpt4 (hot pink) with the Spy structure displayed in transparent.
(€) Structural comparison of the Rpt2 large domains between Sgac1.1 and Sps at the Rpt1 interface. Both structures are superimposed using the Rpt1 large domain (light blue).
Only Rpt1 subunit in Sgag1.1 is shown (small domains in blue). Rpt2 large domains in Sgag1.1 (salmon) and Spy (transparent) reveal a positional shift, with the loop containing
the Rpt2 Arg-finger (yellow) located far from the nucleotide in the Rpt1 pocket. Rpt2 Arg-finger in Spy4 is highlighted. (D) Structural comparison of the Rpt4 large domain be-
tween Sgag1.1 and Spg at the Rpt3 interface. Superposition using the Rpt3 large domain (olive) shows that the Rpt4 large domain in Sgag: shifts by ~40 A and rotates 65.5° in
comparison to Sp4 (Fig. 2E). Rpt4 Arg-finger in Spq is highlighted. The loop containing Arg-finger (yellow) is positioned far from the nucleotide in the Rpt3 pocket.
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OB-ATPase
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Fig. 4. ATPase subunits are loosely packed in Sgac states. (A) Cross section of cryo-EM map of the proteasome in Sps (EMDB: 32282) (34) and Sgac1.1- Rpn1 (tan), OB ring
(orange), ATPase ring (rosy brown), and CP (white) are colored separately. The central channel is open and aligned in the Sgag structures, whereas the interior of the ATPase
ring is packed in Sps. The individual EM maps were low-pass filtered to 4 A of resolution. (B and €) Cryo-EM maps of the proteasome in Sp4 (B) and Sgac1.1 (C) focusing on
the interface between the ATPase and CP rings. In Sgag1.1, the atypical positioning of the ATPase subunits creates a large cleft (highlighted in light green) between the OB
and ATPase rings. The atomic models of Rpt1, Rpt4, and Rpt5 are colored in light blue, pink, and yellow, respectively.

the Rpt2 N terminus (residues 36 to 41) interacts with the Rpnlyp to
regulate its orientation relative to the ATPase ring (fig. S11A). In Spac1.1,
the Rpt2 N terminussg.4; is embedded at the OB-ATPase interface
(Fig. 2H and fig. S11), which triggers to enlarge its OB-ATPase interface
and to drive Rpnl inward, inducing further conformational changes
that deform the ATPase ring (fig. S11). Despite subtle conformational
changes in Rpnl itself (fig. S10E), more marked structural rearrange-
ment is observed in the AAA" ATPases in all four Spag states (Fig.2,B
and D to E, and fig. S9). The ATPase ring no longer retains its spiral
staircase conformation but adopts an asymmetric hexameric shape
with a an extensive distortion (Figs. 2F and 3A; fig. S9, C and D; and
movie S1). This deformation is caused by conformational alternation of
all six Rpt subunits, most pointedly with Rpt4 shifting off-center (Fig. 3,
B to D, and fig. S12C). The fine architecture of the central channel,

Maestro-Lépez et al., Sci. Adv. 12, eadz3026 (2026) 20 February 2026

where the substrate-binding pore loops are arranged in a staircase, be-
comes disrupted and deformed, resulting in the formation of a substan-
tial internal cavity at the center of the ring (Figs. 2F, 3, and 4A; fig. S12;
and movie S2). In the Spag1 1 structure, the Rpt subunits are positioned
at random heights rather than the ordered spiral arrangement seen in
the canonical 268 structures (fig. S12). Similar distortions including a
large cavity were observed in the other three conformations (Sgag1.2,
SpaG1.3» and Spagz) (Figs. 2F and 3, and figs. S9 and S13), although the
shift of the individual Rpt subunits is different among these states, To-
gether, the Spag structures represent previously unidentified conforma-
tions, substantially departing from all proteasome states known to date.

Next, to test whether Baglygp:, alone can induce the observed
conformational changes, we analyzed 3D structures of the 26S in the
presence of the isolated Baglypy, or Baglgp domains. However, these
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structures remained in Sy (fig. S14), indicating that, in addition to
Baglyg;, anchoring Rpnl, Baglgp is needed to induce the protea-
some conformational changes.

The highly conserved packed interfaces between adjacent ATPase
subunits, which are regarded as “rigid bodies” in the AAA* ATPases
(e.g.> Sa-p> Spa, and Ex_p) (7, 34), are widely opened up in Sgagy.1, with
contact surface areas of ~1000 A% markedly smaller than those ob-
served in any of the canonical interfaces with average contact area of
2996 A* (Fig. 2G and fig. S12E). In particular, Rpt4, rotated by ~65.5°
and shifted by ~40 A, interacts neither with the Rpt3 large domain nor
with its nucleotide-binding site, and maintains only limited contact
with the Rpt3 small domain, which covers 331.5 A* (Figs. 2E and 3, C
and D). The Sgac).1 map shows nucleotide density in all six nucleotide-
binding pockets (fig. S12F). However, across all interfaces, the Arg
finger motifs, crucial for the interaction with the ATP y-phosphate of
the adjacent subunit, are located far away from the nucleotides in Sgag
structures (Fig. 3, C and D, and fig. S12D). We demonstrated that
ATPase activity decreased upon full-length Bag] titration (Fig. 5A).
The modest inhibition of the ATPase activity by Bagl likely results
from its transient binding on the 26S proteasome. Although a previ-
ous study showed that UBL binding does not stimulate the ATPase
activity (36), Baglypr, also modestly reduced ATPase activity, while
Baglpp had no effect. Given that Baglyp;, does not induce the ATPase
deformation, the unique N-terminal segment of Bag1, which is rich in
charged residues, likely contributes to the modulation of ATPase ac-
tivity. Thus, Bagl binding deforms the interfaces of the Rpt subunits
and blocks the ATPase activity of the 26S proteasome.

Mechanism of gate opening by Bag1

Unexpectedly, three Spac1.1-1.3 structures show open gate conformations
with apertures of varying diameter, similar to previous observations
in the substrate-bound 268 structures (6, 7) (Fig. 5B and fig. S13G).
In Sgaci1 and Spagi.3, the N-terminal tails of all « subunits, which
form the 208 CP gate, adopt an open conformation except for the a3
N terminus (Fig. 5, C and D, and fig. S13G), which shows two con-
formations: perpendicular (up) or parallel (down) to the CP plane
(Fig. 5, C and D), whereas the gate in Spag1.2 is completely open
(fig. S13G). The coordinated insertion of the five Rpt C termini
(Rpt2, Rpt3, Rpt5, Rptl, and Rpt6) into the o pockets are critical for
gate opening, as observed in Spy (fig. S13G) (6, 37, 38). In the three
SBAG1.1-13 Structures, only densities of the C termini of three sub-
units (Rpt2, Rpt3, and Rpt6) are detected in the a pockets, placing
the N termini of al, a2, and a3 in the open-gate conformation
(Fig. 5B, fig. S13G, and movie S3). In contrast, the Rptl and Rpt5 C
termini, which regulate the a4 and a5 N termini, are not observed.
Instead, the N termini of the a4 and a5 subunits are held up by their
interaction with the Rpt2 pore-2 loop (Fig. 5, E and F, and movie
S4). Additionally, the pore-2 loop of Rpt5 supports the a7 N termi-
nus, which further interacts with the a6 N terminus (Fig. 5, G and
H, and movie S4). The conserved pore-2 loops in the previous
substrate-bound proteasome structure form a spiral staircase below
the pore-1 loops, with both loops intercalating into the processing
polypeptide within the central channel (6, 7, 34). The pore-2 loops
in the Bagl-bound 268 structures, especially Rpt2, Rpt4, and Rpt5,
position much closer to the CP compared to those in the canonical
structures (Fig. 5, E to H; fig. S12B; and movie S4). Although the
Rpt4 pore-2 loop also lowers its position, its density disappears
above the o pocket between a7 and al, thus not allowing us to de-
cipher its role (fig. S12B). In contrast, coupled with its structural
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heterogeneity of the ATPase ring, the gate-opening states in Spacz
subclasses vary (fig. S8C), although the refined Spag reconstruction
represents a closed state (fig. S13G).

Last, the shift of the Rpt2 pore-2 loop toward the CP gate is cou-
pled with a global structural change of the Rpt2 subunit, which is
induced by a conformational alternation of Bagl-bound Rpnl. De-
formation of the ATPase ring impairs the pore loop function for
substrate translocation but instead provides a previously unrecog-
nized function, enabling substrate entry into the CP by gate opening
(Fig. 5, E to H, and movie $4).

Mechanism of Bag1-induced proteasomal degradation
Bagl-induced deformation of the ATPase ring lowers the individual
ATPase subunits, placing them closer to the CP ring. Besides, the
respective position of the OB ring and DUB Rpn11 exhibits a slight
change (fig. S15, A and B). These conformational changes create a
gap of ~20 A between the OB ring and the ATPase ring (Figs. 3A
and 4, A and B; fig. S15, C to H; and movie S4). All OB-ATPase inter-
faces are loosened compared to those of the canonical proteasome
structures, particularly for Rpt4 and Rpt5, which are off-centered and
largely protrude from the CP cylinder (fig. S15, C to H). Notably, the
wide OB-ATPase opening is interconnected to the prominent cavity
at the center of the ATPase rings, reaching the CP gate (Fig. 4). The
architecture of this cavity suggests a role as a substrate chute for di-
rect protein degradation.

To understand the biological role of Hsp70:Bag1 binding to the 26S
proteasome, we fitted the structural model of the Hsp70npp:Bagl:Rpn1
complex (Fig. 1C) into the 26S:Bagl complex. Positioning of Hsp70spp
with respect to Hsp70xpp varies, depending on nucleotide-binding
status, cofactor binding, and substrate engagement (2). Two Hsp70
structures, an x-ray structure of Escherichia coli Hsp70 [Protein Data
Bank (PDB): 2KHO] as well as an AlphaFold prediction of ADP-
bound Hsp70 are fitted into the complex without clashing with the
ATPase ring. The Hsp70 hydrophobic patch that mediates substrate
binding can be in close proximity of the OB-ATPase gap created by
Rpt4 and Rpt5 (Fig. 6A). Further, our XL-MS analysis of the yeast
ATPase ring with Hsp70, Bagl, and Rpn1 identified cross-linkers
among these components (table S2), supporting that Bagl and Hsp70
can be positioned near Rpnl and Rpt subunits. This structural model
suggests an optimal transfer of the unfolded protein directly from
Hsp70 to the 20S CP chamber for degradation.

The disrupted interface of the nucleotide-binding pockets ac-
counts for the reduced ATPase activity of the proteasome upon
Bag]1 binding (Fig. 5A), while its peptidase activity was increased by
Bag]1 binding (fig. S16H). To address whether Bagl influences the
degradation of unstructured proteins, we used a-synuclein (a-syn) as
a model substrate, which is a highly expressed IDP in neurons (39).
Although the observed degradation was relatively slow, probably due
to the aggregation-prone nature of a-syn (40), the presence of Bagl
enhanced a-syn degradation (Fig. 6B and fig. S16). When combined
with Hsp70, Bagl moderated the degradation rate of a-syn (Fig. 6B
and fig. S16). Besides preventing aggregation (41), we propose that
Hsp70, together with Bagl, selectively guides unstructured substrates
to the proteasome by positioning them near the opening between OB
and ATPase rings. In contrast, the 20S CP alone in the presence of
Hsp70 and Bagl did not show a-syn degradation. Thus, Bagl can en-
hance degradation of unstructured proteins by previously unrecog-
nized mechanisms by promoting conformational change within the
proteasome in a Ub-independent manner.
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Fig. 5. CP gate-opening mechanism in the Bag1-bound 26S proteasome. (A) ATPase activity of the 26S proteasome (black dashed line) upon Bag1 (blue) Bag1gp (red) or
Bag1yg. (green) titration. Whereas Bag1zp shows no effect, full-length Bag1 and Bag1yg. decrease 26S ATPase activity. The data represent the means + SD for n =5 independent
experiments (represented with dots). (B) The RP-CP interface and insertion of Rpt C-terminal tail into the o pockets of the CP in Sgag1.1 are shown. The cryo-EM density of the CP
is shown in white, whereas the C-terminal tails of Rpt2, Rpt3, and Rpt6 are colored in salmon, green, and purple, respectively. Empty pockets are indicated with red asterisks. The
EM density of the N-terminal tail of a3 in the “down” state is shown in yellow. (C and D) N-terminal tail of a3 exhibits “up” and “down” states. The “up” conformation (light green)
corresponds to the “open” gate, while the “down” conformation (yellow) represents the “closed” gate. Side view of the a3 subunit highlights the movement of the N-terminal tail
(D). (E) The pore-2 loop of Rpt2 moves lower toward the CP gate, by ~2 A, and interacts with N-terminal tails of a4 and a5. (F) Detailed view of the cryo-EM density of the
Rpt2 pore-2 loop and the N-terminal tails of a4 and a5. (G) The pore-2 loop of Rpt5 moves lower toward the CP gate, by ~4 A, and interacts with N-terminal tails of a6 and
o7. (H) Detailed view of the Rpt5 pore-2 loop and the N-terminal tails of a6 and a7. In (E) and (G), the Sp4 (PDB: 7W3K) structure was used for comparison of each Rpt subunit.
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Fig. 6. Structural basis for the unfolded protein transfer. (A) Structural model of the Hsp70-Bag1-bound 265 proteasome. The Hsp70ngp-Bag1 model derived from our
ternary complex structure (Fig. 1D) was positioned by aligning Bag1yg. with the Sgag1.1 structure. Predicted ADP-bound Hsp70 (AlphaFold) and E. coli Hsp70 (PDB: 2KHO)
structures are placed by fitting the Hsp70ngp. Due to the flexible linker connecting the SBD and NBD, the Hsp70sgp can adopt multiple orientations, potentially facilitating
the transfer of unfolded proteins to the proteasome. The substrate binding site of Hsp70sgp is highlighted in red. A large opening between OB and ATPase rings is indi-
cated by a yellow arrowhead. The Hsp70sgp can be positioned adjacent to the OB-ATPase cleft, suggesting a direct route for substrate delivery of unfolded proteins to the
proteasome. The Bag1-26S proteasome cryo-EM density is presented as a segmented surface (lid, light blue; OB ring, orange; ATPase ring, rosy pink; Rpn1, beige; Bag1ys,
light green; and 20S, white). The docked Bag1gp (red), Hsp70ngp (blue), and Hsp70sgp (light blue) are shown as a ribbon model. (B) Summary of Western blot results (left)
analyzing proteasomal degradation of a-syn in the absence of ATP at 0, 8, and 24 hours. Either the 26S proteasome or the 205 CP was used for the assays. Statistical analy-
sis (right) reveals that Bag1 alone (red) and with Hsp70 (orange) significantly enhance synuclein degradation compared with the proteasome alone (gray), while Hsp70
alone (yellow) shows stronger effects at later time points. MG-132, as expected, inhibits degradation (dark blue). Degradation of a-syn by 20S CP was not observed in the

presence of Hsp70 and Bag1 (dark green). Data (n = 4 to 5) analyzed via two-way analysis of variance (ANOVA; ***P = 0.0007; ****P < 0.0001). n.s., not significant.

DISCUSSION

In this work, we elucidate the structures of the Bagl-bound 268 protea-
some, which exhibit notable differences from previously reported pro-
teasome structures (6, 7, 34, 37, 38, 42). Bagl binding markedly alters
the conformational landscape of the 268 proteasome and induces
ATPase ring rearrangements distinct from any known AAA* ATPase
structures (8). Similar to observations of the proteasome in complex
other UBL-containing cofactors (18, 28, 33, 34), Bagl docks at the T2
site of Rpnl through the conserved Baglyg:, (Fig. 1, D and E; and
fig. S10, A and B), potentially excluding the other cofactors such as
Usp14, Rad23, and Dsk2 Ubqln, which are required for Ub-dependent
degradation. Although the Baglpp density was not observed due to the
Rpn1 fluctuation, Bagl binding reorients the Rpt2 N terminus from
the Rpnlyp toward its own interface between OB and ATPase domains,
enlarging this interdomain contact (fig. S11). This conformational shift
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repositions Rpnl toward Rpt2, promoting major structural deforma-
tion within the ATPase ring and resulting in the formation of a large
central cavity above the open CP gate (Fig. 4A and movie S2).

In canonical ATP-dependent degradation, the pore loops lining
the central channel of the AAA™ ATPases normally make direct con-
tact with the substrate polypeptides with pore-2 loops forming a spi-
ral staircase beneath the pore-1 loops (6, 7, 34). In contrast, in the
Bagl-bound proteasome structures, the pore-2 loops of Rpt2 and
Rpt5 contribute to 20S gate opening together with the C-terminal
tails of Rpt2, Rpt3, and Rpt6 (Fig. 5 and movies S3 and S4), providing
insights into a an alternative role of the pore-2 loops. This arrange-
ment is reminiscent of the mitochondrial AAA* protease AFG3L2 as
its pore-2 loop at the bottom of the staircase contacts the central cav-
ity of the proteolytic chamber to facilitate substrate transfer (43).
While the three Sgag; structures adopt an open-gate conformation,
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the Spagz subclasses exhibit heterogeneous gate-opening states to-
gether with the elevated Rpnl dynamics, suggesting that Spac, par-
ticles are energetically unstable intermediates, transitioning toward
the stable Sgag1 structure.

Cooperation with a certain set of co-chaperones enables linking of
the Hsp70 chaperones to the 26S proteasome for degradation of un-
folded proteins (2). By combining our cryo-EM structures of the
Hsp70ngp:Bagl:Rpnlcomplex and the Bagl-bound 26S proteasome,
we construct a docking model of the Hsp70:Bagl:26S proteasome
complex (Fig. 6A). This docking model, supported by XL-MS data,
indicates that the Hsp7Onpp is positioned near the Rpnlyp. Given the
flexible linker between NBD and SBD, which allows conformational
change upon client or nucleotide binding (2), the Hsp70spp could lo-
calize near the expanded interface between the OB and ATPase rings,
connecting to the open CP gate for direct substrate transfer.

ATPase activity is impaired in the presence of Bagl likely due to
disruption of the nucleotide-binding interfaces. The modest inhibi-
tion by Bagl may result from its transient interaction. In addition,
the observed ATPase activity in the assay could arise from the Bag1-
free Sp population, which comprise 23% of the Bagl:26S dataset,
and from hidden conformations that could not be dissected (fig. S5).
Although Hsp70 is thought to assist substrate transfer in an ATP-
dependent manner, canonical hand-over-hand translocation by the
proteasome ATPase ring is no longer feasible due to the deforma-
tion. We therefore propose that the deformed ATPase ring allows
direct degradation of unfolded proteins by the 26S proteasome in a
Ub-independent manner and likely without ATPase motor func-
tion (movie S6). Efficient substrate degradation was observed in
the presence of Bagl alone compared to when both Hsp70 and Bagl
are present. On one hand, Hsp70 prevents aggregation of a-syn,
which would, otherwise, impair proteasome catalytic activity (40).
On the other hand, Hsp70sgp may occlude the OB-ATPase open-
ing, thereby preventing nonspecific protein degradation. Consider-
ing that Bagl has a higher affinity for Hsp70 than for Rpnl, a
mechanism probably exists whereby only client-bound Hsp70/
Baglcomplexes are recruited to the 26S proteasome. However, fur-
ther work is needed to clarify the roles of ATP hydrolysis and Hsp70
in this pathway.

Furthermore, the co-chaperone carboxy-terminus of Hsp70-
interacting protein (CHIP) E3 ligase interacts with Hsp70sgp and
ubiquitinates the Hsp70-bound client proteins (44-46). The ubiq-
uitinated client is recruited to the proteasome through their poly-
ubiquitin chain (46). Because Bagl can either promote or inhibit
CHIP-dependent degradation depending on the substrates (47, 48),
the structural mechanisms underlying Bag1/CHIP cooperation, in-
cluding potential involvement of DUBs, remain to be elucidated.

Recent studies have shown that a subset of eukaryotic proteins is
subjected to Ub-independent proteasomal degradation (12-15, 17,49).
Proteomics analysis and global protein stability assay identified nearly
2000 proteins that are degraded by Ub-independent proteasomal deg-
radation, with some of these proteins specifically targeted only under
stress conditions (13, 16). Many adaptor proteins such as midnolin and
FAT10 have been shown to assist direct protein degradation (16, 18),
and Bagl:Hsp70 complex appears to facilitate a similar mechanism in-
dependently of ubiquitination, as we demonstrated in this study.

Bagl plays a critical role in maintaining cellular homeostasis under
stress conditions, where a rapid cellular response is likely required to
prevent protein aggregation (27, 50, 51). It has been reported that Bagl
protects neuronal cells from the toxicity of various amyloid proteins
including a-syn (52-55). Besides, Hsp70 interacts with IDPs even in
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the absence of ATP, preventing the amyloid formation (56-58). It is
tempting to speculate that in stress conditions, Bagl could be up-
regulated similarly to what occurs with Hsp70, to facilitate the removal
of unfolded proteins including amyloid-forming proteins, without the
need of Ub tagging. Together, this study describes a previously uniden-
tified mechanism of proteasomal degradation, which not only advanc-
es our understanding of the mechanical function of the 268 proteasome
but also opens new avenues for therapeutic intervention in diseases
associated with protein misfolding and aggregation.

MATERIALS AND METHODS
Cloning, expression, and purification of proteins
Human Rpnl, Rpnl0, and Rpnl3 genes were amplified from the
cDNA library Human MTC Panel I (Clontech) and cloned into
pPROEX-HTa vectors using In-Fusion technique (Takara). Deletion
mutants, Hsp70npp, Rpn1ANTD, Baglypy, and Baglpp were created
by subcloning of the targeted genes and cloned into the pPPROEX-HTa
vector. Proteins were expressed in E. coli Rosetta (Rpn1) or C41 strain
(Rpn10 and Rpn13). Expression was induced with 1 mM isopropyl-f-
D-thiogalactopyranoside at the exponential phase (Rpn10) or using
AutoInducible Medium (Rpnl and Rpn13) (CondaLab). To purify
these proteins, cellular lysates were loaded onto HisTrap columns
(Cytiva). After tobacco etch virus protease cleavage, to remove the
Hise tag, proteins were further purified by a Q column (Cytiva) and
SEC (Superdex 200/75), and the resulting samples were stored at
—80°C in 20 mM Hepes (pH 7.4), 150 mM KCl, and 10% glycerol.
Bagl and Hsp70 were purified, as previously described (59). All
deletion mutants—Hsp70npp, Rpn1ANTD, Baglypy, and Baglgp—
were purified following the same procedure used for their respective
full-length proteins. RCMLA was provided by F. Moro (Universidad
del Pais Vasco, Spain). Either human embryonic kidney (HEK)
293T cells (purchased from the Helmholtz Center for Infection Re-
search, Brunswick, Germany) or Expi293F cells (from the Netherlands
Cancer Institute, Amsterdam, The Netherlands) were used for pro-
teasome purification, as described in (60). Briefly, ~18 g of cells were
resuspended in 18 ml of 2X proteasome lysis buffer [100 mM Hepes
(pH 7.6), 10 mM dithiothreitol (DTT), 20 mM MgCl,, 10 mM ATP,
and 20% (v/v) glycerol], subsequently lysed, and centrifuged at
20,000 rpm for 20 min at 4°C in an SS-34 rotor. The lysate was incu-
bated with 3 pM glutathione S-transferase fusion Rad23yp;, and 1 ml
of Glutathione Sepharose 4B (Cytiva) for 3 hours at 4°C. After wash-
ing with proteasome lysis buffer, proteasomes were eluted with the
same buffer supplemented with HIS5-UIM protein (5 mg/ml). The
eluted sample was applied to a 15 to 30% (w/v) sucrose gradient [50 mM
Hepes (pH 7.6), 50 mM KCl, 5 mM DTT, 10 mM MgCl,, and 7.5 mM
ATP]. The gradients were centrifuged at 33,000 rpm for 17 hours at
4°C in an SW40 rotor. Fractions showing peptidase activity were
collected and flash frozen in liquid nitrogen and stored at —80°C.
For XL-MS analysis, the ATPase complex was purified from
Saccharomyces cerevisiae, following a protocol modified from Saeki et al.
(61). S. cerevisiae cells (YYS39: MATa RPN1-3XFLAG::HIS3) were
grown for 72 hours and harvested. The 3XFLAG-tagged 26S protea-
some was isolated using M2 anti-FLAG beads (Sigma-Aldrich, A2220).
The complex was incubated with high-salt buffer [50 mM tris-HCI
(pH 7.5), 1.0 M NaCl, and 10% glycerol] to dissociate the 20S CP and
lid subcomplexes and then washed by the purification buffer [50 mM
tris-HCI (pH 7.5), 0.15 M NaCl, and 10% glycerol]. The base complex
was eluted by FLAG peptides, and the elution was subjected to a sucrose
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gradient (15 to 40%). Fractions containing the ATPase ring but lacking
Rpnl and Rpn2 were identified by SDS-polyacrylamide gel electropho-
resis (PAGE) analysis. For degradation assays, the 20S CP was purified
from discarded human erythrocytes by a combination of ion exchange,
hydroxyapatite, and SEC, exactly as described previously (62).

Binding assays and SEC analysis

Protein mixtures (10 pM Rpn1/Rpn10/Rpn13, 10 pM Hsp70, and 5 pM
Bagl, 2:2:1 molar ratio) were incubated for 20 min at 37°C in a buffer
containing 20 mM Hepes (pH 7.4), 150 mM KCl, and 1 mM DTT.
The samples were analyzed by SEC using either a Superdex 75 In-
crease 10/300 GL (Cytiva) or a Superdex 200 10/300 GL (Cytiva),
depending on the complex size. The eluted fractions were further
analyzed by SDS-PAGE. For the experiment with the quaternary
complex, Hsp70 and RCMLA (1 and 4 pM, respectively) were first
incubated for 1 hour at 37°C. Bagl (1 pM) and Rpnl (1 pM) were
then added and incubated for another 20 min at room temperature. The
sample was injected into the SEC column, and the obtained fractions
were analyzed by SDS-PAGE.

ITC experiments

Proteins were exhaustively dialyzed against 20 mM phosphate bufter
(pH 7.4) and 150 mM KCI. The final protein concentration was mea-
sured by ultraviolet spectroscopy using the theoretical absorption
coefficients at 280 nm (Abs,g). ITC experiments were performed at
25°C using a MicroCal PEAQ-ITC microcalorimeter (Malvern). Ti-
trations were performed by stepwise injections of a 100 to 150 pM
Bagl solution into the reaction cell loaded with the other protein/s
(16 uM Hsp70npp, Rpnl, or both). Dilution heats were determined
separately and subtracted from the total heat produced following
each injection. Titration data were analyzed using the AFFINImeter-
ITC software. For binary complexes, the data were fitted to a one-site
binding model. For the ternary complex, independent binding of
Rpnl and Hsp70npp was assumed, and data were fitted simultane-
ously with binary complexes using the same binding parameters for
each ligand across both complexes.

XL-MS analysis

For the ternary complex, 10 pM Rpnl, 10 pM Hsp70, and 5 pM
Bagl were incubated together. For the heterobase-Bagl complex,
the isolated ATPase ring (10 uM), Rpnl (10 pM), Hsp70 (10 pM),
and Bagl (5 pM) were incubated 20 min at 37°C. Both samples were
subsequently cross-linked with 3 mM BS3 (Thermo Fisher Scientif-
ic) in 20 mM Hepes (pH 7.4), 150 mM KCl, and 1 mM DTT (1 hour,
4°C), followed by quenching with 50 mM tris (pH 7.4). BS3-cross-
linked samples were incubated in Laemmli sample buffer for 5 min
at 95°C and subjected to SDS-PAGE. The gel was stained with Quick
Coomassie (Generon), and the bands corresponding to the com-
plex were excised and subjected to automated reduction with Tris
(2 carboxyethyl) phosphine, alkylation with chloroacetamide, and
trypsin digestion using an OT2 robot (Opentrons), as described by
Shevchenko et al. (63). The resulting peptide mixture was speed-vac
dried and redissolved in 0.1% formic acid for liquid chromatography-
tandem mass spectrometry (MS/MS) analysis by Ultimate 3000
nanoHPLC (Dionex) coupled to an Orbitrap Eclipse (Thermo Fisher
Scientific) or to an Orbitrap Fusion Lumos (Thermo Fisher Scientific).
The high-performance liquid chromatography was equipped with a
PepMap Neo C18 trapping column (300 pm by 5 mm; Thermo Fisher
Scientific) and a PepMap RSLC ¢18 column (75 pm by 50 cm; Thermo
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Fisher Scientific). Solvent A and Solvent B were 0.1% formic acid in
water and 0.1% formic acid in acetonitrile, respectively. Separation
was performed at 50°C at a flow rate of 250 nl/min under the follow-
ing gradient: 4% B for 2 min, linear increase to 35% B in 68 min,
linear increase to 50% B in 6 min, and linear increase to 90% B in
4 min and 90% B for 10 min.

The mass spectrometer was operated in data-dependent acquisi-
tion mode. Each acquisition cycle had a maximum duration of 3 s
and consisted of a survey scan (375 to 1250 mass/charge ratio) at
120,000 resolution [full width at half maximum (FWHM)] and up
to 20 MS/MS scans at 30,000 resolution (FWHM). Peptides with
charges 2 to 6 were selected for fragmentation applying a dynamic
exclusion window of 40 s. For peptide identification, raw MS data
were converted to mgf files with Proteome Discoverer v2.5 (Thermo
Fisher Scientific) that were used for a database search with MeroX
2.0 MeroX 2.0 (64) against a custom-made database containing the
sequences of each protein. Search parameters were set as follows:
trypsin as enzyme allowing two (K) and two (R) missed cleavages,
BS3 as cross-linker, MS tolerance of 10 parts per million (ppm) and
MS/MS tolerance of 20 ppm, carbamidomethylation of cysteines as
fixed modification, and oxidation of methionines as variable modifi-
cation. Peptide identifications were filtered at a false discovery rate
(FDR) of <5% and a minimum MeroX score of 30. Alternatively, the
database search was conducted with XlinkX (Thermo Fisher Scien-
tific) with the same database and search parameters except for the
number of missed cleavages that was set to 3, and the FDR threshold
was <1%. Although conventional constraint distances allowed by
BS3 are up to 25 A (65), a broader range (up to 35 A) was applied to
account for protein dynamics and conformational flexibility. The dis-
tances that fall within the BS3 constraints established in this work
were displayed and represented using Chimera package (66).

Proteasome activity

The chymotrypsin 208 activity was assayed using the model substrate
succinyl- Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-
AMC) (Enzo). A 5 nM concentration of proteasome was preincu-
bated with Bagl (concentration range from 0.01 pM to 3 uM) for
20 min at 37°C in peptidase buffer [50 mM tris (pH 7.4), 100 mM
KCl, 1 mM ATP, 0.5 mM MgCl,, 1 mM DTT, and bovine serum al-
bumin (0.025 mg/ml)], and, later, the Suc-LLVY-AMC substrate
(10 pM) was added. The fluorescence was immediately recorded at
37°C using 350-nm excitation and 450-nm emission wavelengths
every minute for 1 hour in a SpectraMax ID3 Microplate reader
(Molecular Devices). For representation, dots correspond to the mean
values of four independent replicates (n = 4), and lines correspond
to the linear fit of the data for each condition.

ATPase activity assays

These assays were conducted following the standard protocol of
BIOMOL GREEN Kit (Enzo). A constant final concentration of
150 nM proteasome was used for the samples when titrating Bagl
with molar ratios of 1:1, 1:5, 1:10, and 1:20. Proteins were mixed in
ATPase buffer [20 mM Hepes (pH 7.4), 40 mM NaCl, and 5 mM
MgCl,] for a final volume of 25 pl and incubated for 15 min at 37°C
with 25 pl of substrate buffer [20 mM tris (pH 7.5), 5 mM MgCl,,
and 1 mM ATP]. Then, the reaction was stopped with 100 pl of
BIOMOL GREEN reagent and incubated 20 to 30 min at 37°C to
allow development of the green color, and the absorbance at 620 nm
was measured.
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Substrate degradation assays

Reaction mixtures of 350 nM proteasome (26S or 20S) were incubated
in the presence of Bagl (1.4 pM), Hsp70 (1.4 pM), Hsp40 (1.4 pM),
a-syn (0.35 pM), and MG-132 (50 pM). Samples were incubated at
room temperature, and 5 pl was collected at 0, 8, and 24 hours. Reac-
tions were stopped by boiling at 95°C for 5 min with SDS-PAGE load-
ing buffer. The samples were loaded onto 4 to 15% Mini-Protean
precast gels (Bio-Rad) for SDS-PAGE. Protein bands were trans-
ferred to a polyvinylidene difluoride membrane (Immobilon-P trans-
fer membrane from Merck Millipore) using a semidry transfer system
(Trans-Blot Turbo from Bio-Rad) at 25 V and 1.0 A for 30 min. Mem-
branes were blocked with 3% (w/v) nonfat dried milk in phosphate-
buffered saline containing 0.05% Tween for 1 hour at room temperature,
followed by incubation with primary antibodies against Rpn1 (PSMD2
Al1l, Santa Cruz Biotechnology, 1:300 dilution), Hsp70xgp (501043,
PALEX; 1:1000 dilution), Bagl [a-histidine tag coupled to horseradish
peroxidase (HRP), Santa Cruz Biotechnology, 1:4000 dilution], 20S
(PSMA3; ab109532, Abcam; 1:500 dilution) and a-syn-HRP (Santa
Cruz Biotechnology, 1:100 dilution), for 1 hour at room temperature.
After incubation with secondary antibody, membranes were devel-
oped using Clarity Western ECL substrate (Bio-Rad). The signal of the
chemiluminescent bands was analyzed with Fiji, and the obtained data
(n =4 to 5) were analyzed via two-way analysis of variance (ANOVA;
*#%P = (0.0007; ¥***P < 0.0001).

Cryo-EM data acquisition

For the cryo-EM grids of the Bag1:26S complex and the other control
samples, 1.0 pM 268 proteasome and 30 pM Bagl or Bagl mutants
were incubated together and subsequently cross-linked with 3 mM
BS3 (Thermo Fisher Scientific) in 20 mM Hepes (pH 7.4), 150 mM
KCl, and 1 mM DTT (1 hour, 4°C), followed by quenching with
50 mM tris (pH 7.4). Aliquots of the 26S:Bagl complex were vitrified
in a Vitrobot Mark IV (Thermo Fisher Scientific) at 4°C with 100% hu-
midity. Quantifoil Cu/Rh R2/2 300 mesh grids pretreated with poly-
L-lysine (Sigma-Aldrich) were used. Grids without glow discharge
were incubated for 90 s with 0.1% poly-L-lysine (w/v), then washed
with water, and dried (67). A total of 14,079 images were acquired in
a Titan Krios (Thermo Fisher Scientific) equipped with a K3 detector
(Gatan Inc.). A total dose of 37 electron (e7)/A? was applied to the
images with nominal defocus ranged from —1 to —3 pm. The magni-
fication was X81,000, corresponding to a pixel size of 1.06 A.

Three control samples, namely, 26S:Baglgp, 26S:Baglypr, and
26S:BS3, prepared in the same manner with the 26S:Bagl sample,
were vitrified in a Vitrobot Mark IV (Thermo Fisher Scientific).
Three microliters of the samples were applied to freshly glow dis-
charged Quantifoil Cu R2/2 200 mesh grids, washed with water, and
blotted. A total of 6685, 5051, and 5887 images were acquired for the
control samples, respectively, in a Titan Krios (Thermo Fisher Scien-
tific) equipped with a Selectris energy filter operating at a slit width
of 10 eV and Falcon4i detector (Thermo Fisher Scientific). The mag-
nification was X105,000, corresponding to a pixel size of 1.18 A A
total dose of 40 ¢ /A* was applied to the images with nominal defo-
cus range from —1 to —2 pm.

For the Rpnl:Bagl:Hsp70npp complex, 10 pM Rpnl, 10 pM
Hsp70xgDp, and 5 pM Bagl (2:2:1 molar ratio) were incubated for
20 min at 37°C. Cross-linking was carried out using 1 mM BS3 for
1 hour at 4°C, and the reaction was quenched with 50 mM tris (pH 7.4).
All three proteins were individually purified before complex formation,
as detailed in the “Cloning, expression and purification of proteins”
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section. Additionally, the sample was subjected to SEC using a Su-
perdex 200 10/300 GL (Cytiva) column to isolate the ternary com-
plex. Subsequently, aliquots of the complex were vitrified in a Vitrobot
Mark IV (Thermo Fisher Scientific) at 4°C with 100% humidity.
Glow-discharged UltrAuFoil R1.2/1.3 300 mesh grids were used. A
total of 13,724 images were acquired in a Titan Krios (Thermo Fisher
Scientific) equipped with a K3 detector (Gatan Inc.). A total dose of
42 ¢7/A* was applied to the images with nominal defocus range
from —1.4 to —3 pm and a magnification of X81,000, corresponding
to a pixel size of 1.06 A. Details of the data acquisitions are provided
in table S3.

Image processing and 3D reconstruction

Initial preprocessing of the 26S:Bagl complex data, including movie
frame alignment by MotionCorr2 (68), contrast transfer function
(CTF) estimation by CTFFIND4 (69), and cleaning up of particles
were performed using the Scipion 3.0 software platform (70). A total
0f 1,891,841 particles were picked by crYOLO (71). A total of 605,539
particles were identified after rounds of CryoSPARC 2D classifica-
tions, and, hereafter, image processing was performed on Relion (72)
or CryoSPARC (73). A further Relion 4.0 2D classification reduced
the number of good particles to 542,965, which was then subjected to
a Relion 4.0 3D classification as well as cryoDRGN analysis (35) to
investigate the conformational landscape of the samples. It identified
a distinct subset of particles that eventually led to a 3.2-A reconstruc-
tion (Conformation 3, similar to S) with 104,849 particles using Re-
lion 4.0 AutoRefine. The rest of the particles were then imported to
CryoSPARC for 3D classification. It captured a distinct class of 26S
proteasome where the ATPase ring largely expanded (57,564 par-
ticles), as well as three classes of 26S proteasome with different de-
grees of ATPase ring expansion and extensive Rpnl1 flexibilities
(254,363 particles). Further 3D classification on the set of 57,564 par-
ticles identified three variations of the substantial ATPase expansion,
namely, Spag11 (21,831 particles, 3.6-A resolution), Spag1.2 (16,466 par-
ticles, 3.5-A resolution), and Sgag1.3 (19,267 particles, 3.6-A resolu-
tion) using nonuniform refinement in CryoSPARC. To better resolve
densities around the expanded ATPase, a local refine in CryoSPARC
was performed on Spagi1 particles, leading to a map with slightly
lower global Fourier shell correlation (3.7 A) but better resolved
local densities around ATPase. Further focused 3D classifications of
the set of 254,363 particles in Relion 5.0 led to the identification of a
conformation with better resolved Rpn1 and expanded ATPase den-
sities, named Spag; (59,907 particles, 3.7-A resolution).

For the control datasets 26S:Baglygr, 26S:Baglpp, and 265:BS3,
movie frame alignment was performed using cryoSPARC, followed
by CTF estimation by CTFFIND4. A total of 602,653, 648,687, and
712,653 particles were initially picked by crYOLO for 26S:Baglygy,
26S:Baglpp, and 26S5:BS3 datasets, respectively. After multiple rounds
of 2D classification and 3D classification in Relion 4.0, followed by
cryoDRGN analysis (35) to investigate the conformational landscape
of the samples. No map with expanded ATPase ring like Sgag could
be found in these three datasets.

Initial movie frame alignment and CTF estimation of the Hsp70ngp:
Rpnl:Bagl complex were performed using cryoSPARC. A total of
6,415,119 particles were picked by crYOLO using a network trained
on a subset of the datasets. After multiple rounds of 2D classifica-
tion, 743,645 particles were subjected to Ab Initio Reconstruction in
CryoSPARC with five classes. A good class was selected for further
processing, which corresponded to 223,163 particles. It was subjected to
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Relion 5.0 focused refinement, followed by particle subtraction, focused
refinement, and focused classification; two conformations of the ternary
complex of the Hsp70npp:Bagl:Rpnl can be identified (25,238 par-
ticles, 4.8-A resolution; and 30,256 particles, 6.2-A resolution).

Model building

For the Bagl-bound 26S proteasome, the model was built on Sgac;.1
map. The published model (PDB ID: 7W3K) was used as initial refer-
ence. Most of the chains fit into the densities readily, whereas the
ATPase chains were individually docked to the corresponding densi-
ties, followed by multiple rounds of manual adjustment in Coot (74)
and real-space refinement in PHENIX (75). The Sgac1.1 model was
then used to build models on Sgag;.» map and Sgag; 3 map. It began
with global rigid body fitting of Spag11 model into the maps, fol-
lowed by rigid body fitting on each ATPase chains. The models were
then adjusted manually in Coot, followed by real-space refinement in
PHENIX. Details of the model-building process and the quality of
the final atomic models are provided in table S4.

The current model and 7w3k were aligned on the 20S for root
mean square deviation (RMSD) measurement of the Rpt subunits.
Per-residue RMSD measurement on the main chain of the ATPase
domain was calculated on the basis of BioPandas (76). The script is
available on Zenodo (17424377).

Supplementary Materials
The PDF file includes:

Figs.S1to S16

Tables S1 to S4

Legends for movies S1 to S6

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S6
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