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High-resolution cryo-EM structure of the proteasome in
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The 26S proteasome is an ATP-dependent dynamic 2.5 MDa protease that regulates numerous essential cellular
functions through degradation of ubiquitinated substrates. Here we present a near-atomic-resolution cryo-EM map
of the S. cerevisiae 26S proteasome in complex with ADP-AIFx. Our biochemical and structural data reveal that the
proteasome-ADP-AIFx is in an activated state, displaying a distinct conformational configuration especially in the
AAA-ATPase motor region. Noteworthy, this map demonstrates an asymmetric nucleotide binding pattern with four
consecutive AAA-ATPase subunits bound with nucleotide. The remaining two subunits, Rpt2 and Rpt6, with empty
or only partially occupied nucleotide pocket exhibit pronounced conformational changes in the AAA-ATPase ring,
which may represent a collective result of allosteric cooperativity of all the AAA-ATPase subunits responding to ATP
hydrolysis. This collective motion of Rpt2 and Rpt6 results in an elevation of their pore loops, which could play an
important role in substrate processing of proteasome. Our data also imply that the nucleotide occupancy pattern
could be related to the activation status of the complex. Moreover, the HbYX tail insertion may not be sufficient
to maintain the gate opening of 20S core particle. Our results provide new insights into the mechanisms of nucleo-
tide-driven allosteric cooperativity of the complex and of the substrate processing by the proteasome.

Keywords: high-resolution cryo-EM; proteasome; activated state; asymmetric nucleotide occupancy
Cell Research (2017) 27:373-385. doi:10.1038/cr.2017.12; published online 20 January 2017

Introduction

The ubiquitin-proteasome system (UPS) is the main
protein degradation pathway in eukaryotic cells [1, 2].
Dysfunction of the UPS is implicated in various diseases,
including cancer and neurodegenerative diseases, making
it a vital drug target [2-5]. In this pathway, the 26S pro-
teasome plays a key role in the degradation of proteins
marked by polyubiquitin chains [2, 6, 7]. This giant, 2.5
MDa, ATP-dependent macromolecular machine contains
at least 33 distinct subunits, comprising a barrel-shaped
208 core particle (CP), which contains the internal pro-
teolytic sites, and a 19S regulatory particle (RP) capping
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either side of the 20S CP [8, 9]. The 19S RP functions to
recognize and bind to the ubiquitinated substrates, and
consequently to deubiquitinate, unfold, and translocate
them into 20S CP for further degradation [7, 10-12].

The 19S RP is further divided into two sub-complexes:
the base and the lid [13]. The base contains an AAA-AT-
Pase, two largest subunits (Rpnl and Rpn2), and the
ubiquitin receptor Rpn13. The AAA-ATPase, a hetero-
hexamer comprising subunits Rpt1-6, is responsible for
substrate unfolding and translocation driven by cycles of
ATP binding and hydrolysis [14, 15]. Each AAA-ATPase
subunit has a C-terminal AAA domain that assembles to-
gether into the AAA-ring. The six N-terminal oligonucle-
otide-binding (OB) domains form the N-ring, and three
heterodimeric a-helical coiled coils radiate outwards
from the N-ring. The lid, consisting of Rpn3, Rpn5-9,
Rpnll, Rpnl2, and Sem! subunits in yeast, sits on the
side of the proteasome and interacts with both the base
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and the 20S CP [16-18]. The lid subunits (except Rpn8,
Rpnll and Sem1) contain a PCI (Proteasome-CSN-eIF3)
domain [19] and their N-termini diverge into a horseshoe
shape [16, 20-23], while the C-termini of all the lid sub-
units (except Seml) form a helical bundle [21, 23, 24].
Rpnll1, the catalytically active deubiquitinating enzyme,
is indispensable for ubiquitin-dependent substrate deg-
radation [25]. Rpnl0, another resident ubiquitin receptor
[26], is positioned at the periphery of the lid.

With constant efforts of over two decades, the remark-
able structures of 26S proteasome in the presence of
ATP [16, 18, 20-22], ATPyS [18, 27] and substrate [17]
have been determined to intermediate or relatively high
resolution by single-particle cryo-EM, including a yeast
proteasome structure in the presence of ATP at 4.6-6.1 A
resolution [23]. Previous studies reveal the existence of
two states for yeast 26S proteasome in the presence of
ATP [23], including a resting state for substrate-free ATP
structure and an activated state resembling the ATPyS
structure [28]. Additionally, the isolated lid sub-complex
[29] as well as the human proteasome in the resting state
[30-32] has recently been determined to near-atomic
resolution. Still, a near-atomic-resolution structure of
proteasome in the activated transition state remains to be
elucidated, in which state proteasome could utilize the
energy provided by ATP hydrolysis to allosterically co-
ordinate the entire macromolecular machine to perform
substrate deubiquitination, unfolding, translocation, and
degradation [33].

Here we present an overall 4.2-A-resolution cryo-EM
map of the S. cerevisiae single-capped 26S proteasome
in the presence of ADP-AIFx, which is shown to be in an
activated state. This map reveals a new conformational
configuration of the AAA-ATPase ring, especially in
the pore loop region, with the overall conformation of
the holoenzyme similar to that of the substrate-engaged
state [17]. Our map also discloses that among the six
AAA-ATPase subunits, four consecutive subunits have
their nucleotide binding pockets occupied. We addition-
ally present a cryo-EM map of the yeast proteasome in
the resting state revealing new structural features. Our re-
sults provide new insights into the structural mechanism
of nucleotide-driven proteasome allosteric coordination,
correlative to the substrate unfolding and translocation
by proteasome.

Results

Near-atomic-resolution cryo-EM structure of protea-
some-ADP-AIFx

Our in vitro proteolytic activity experiment toward
a fluorogenic peptide Suc-LLVY-AMC shows that the

activity of proteasome in the presence of ADP-AIFx is
comparable to that of proteasome in the presence of ATP
and peptide substrate (Figure 1A and 1B). ADP-AIFx is
the nucleotide analog usually used to mimic the transi-
tion state in ATP hydrolysis reaction [34] in structural
studies of other ATPase systems such as chaperonin [35]
and hexameric helicase [36]. Moreover, this proteolytic
activity experiment also indicates that proteasome is
more active in the presence of ATPYS, consistent with
previous biochemical analysis [37, 38], but almost loses
its activity when bound with ADP (Figure 1A and 1B,
Supplementary information, Figure S1), which has been
shown to be a poor stabilizer to associate 19S with 20S
[33] (Supplementary information, Figure S1C). Altogeth-
er, these data imply that proteasome remains functionally
active when bound with ADP-AIFx.

To capture the structure of proteasome in the presence
of ADP-AIFx (denoted as “proteasome-ADP-AIFx”) at
high resolution, we collected 13 871 micrographs of the
yeast single-capped 26S proteasome in complex with
ADP-AIFx. Data collection was carried out on a Titan
Krios transmission electron microscope equipped with a
K2 Summit direct electron detector (Supplementary in-
formation, Figure S2A and Table S1). Its cryo-EM struc-
ture was determined (from 178 576 cleaned-up particles)
at an overall near-atomic resolution of 4.2 A (Figure 1C,
Supplementary information, Figures S2G and S3). In
this map, 20S displays a resolution of up to ~4.0 A, and
the majority of 19S shows a resolution of 5.0-6.5 A due
to its highly dynamic and heterogeneous nature [39, 40]
(Figure 1E and Supplementary information, Figure S2E).
This allowed us to build a pseudo-atomic model for the
complex (Figure 1D and Supplementary information,
Figure S4).

We also resolved a cryo-EM map of the yeast sin-
gle-capped 26S proteasome in the resting state (the sub-
strate-free ATP structure; Supplementary information,
Figure S5) at an overall resolution of 6.3 A from 26 000
particles, with 20S at a resolution of 5.5-6.0 A and 198
at a resolution of 6.0-7.0 A (Supplementary information,
Figure S2B, S2F-S2G and Table S1). Although this map
is in a similar conformation to that of the yeast 26S pro-
teasome also in the resting state [23] (Supplementary in-
formation, Figure S5B), new features have been revealed
by our structure. With these structure details, we were
able to build a pseudo-atomic model into our resting state
map (Supplementary information, Figure S5A).

Here we chose the single-capped 26S proteasome
since a previous sub-tomogram averaging of the in situ
proteasome in hippocampal neurons has suggested the
single-capped 26S proteasome to be more prevalent
(73%) than the double-capped 26S proteasome (27%)
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Figure 1 Proteasome proteolytic activity and cryo-EM structure of the single-capped 26S proteasome-ADP-AIFx. (A) In vitro
proteolytic activity of proteasome toward a fluorogenic peptide substrate Suc-LLVY-AMC in different nucleotide states. RFU,
relative fluorescence units. (B) Relative hydrolysis ability of proteasome toward the fluorogenic substrate was analyzed for
the same samples as in A. Standard deviations were calculated from three independent experiments. (C) The cryo-EM map
of proteasome-ADP-AIFx in different views (dodger blue). (D) The corresponding pseudo-atomic model fitted into the prote-
asome-ADP-AIFx map, with the models for different 19S RP subunits in color and that for 20S CP in dodger blue. Different
subunits in 19S RP are labeled. (E) Representative high-resolution a helix and B strand features of the 20S B subunits (B1
and B2) in the proteasome-ADP-AIFx map. The B strand separation can be well resolved. The selected residues with bulky

side chain are labeled.

[41]. Moreover, the two 19S RPs in the double-capped
26S proteasome are functionally independent [41]. Thus,
choosing the single-capped 26S proteasome in our cryo-
EM study may have also reduced the compositional
heterogeneity [40] and been beneficial for the high-reso-
lution reconstruction.

Proteasome-ADP-AIFx represents a new conformational

State
The AAA-ATPase is the most critical motor for the
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ATP-driven conformational change of this gigantic mac-
romolecular machine. Our proteasome-ADP-AIFx map
represents a new AAA-ATPase ring conformational
configuration revealed by comparisons with previous
proteasome cryo-EM structures in distinct chemical or
functional states [17, 18, 23], although the overall con-
formation of the proteasome-ADP-AIFx is similar to that
of the substrate-engaged proteasome [17] (Supplementary
information, Figure S6 and Movie S1).

We first compared the AAA-ATPase ring between the
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proteasome-ADP-AlFx and the resting state maps, where
the AAA-ATPase ring of the resting state is often used
as a standard to measure the conformational switches
in this region of other states [17, 27]. Aligning the least
varied 20S portions of the two maps together revealed
that the AAA-ATPase alters its relative position to 20S
and its internal topology dramatically (Supplementary
information, Figure S7). The Rpt3-Rpt4-Rpt5 side of
the AAA-ATPase ring in the proteasome-ADP-AlFx
structure was found to be displaced away from 20S (by
up to 14.5 A in the vertical direction and tilted about
22°, Supplementary information, Figure S7A and S7B),
leading to a 37% reduction in the interaction interface
between 19S and 20S (Supplementary information, Fig-
ure S7A). Furthermore, we also observed a continuous
widened channel for the substrate to the peptidase active
sites in the ADP-AIFx state (Supplementary information,
Figure S7C), which is consistent with the ATPyS and
substrate-engaged state maps [17, 18, 27], but different
from the resting state map [16, 21]. This widened chan-
nel combined with the Rpnll position right above the
N-ring pore (discussed below) and its proteolytic activity
in vitro (Figure 1A and 1B, Supplementary information,
Figure S1C) suggests that proteasome-ADP-AIFx is in
an activated state, which may represent one of the tran-
sition states of proteasome along the enzymatic pathway
for ATP hydrolysis and substrate unfolding and translo-
cation.

Surprisingly, our proteasome-ADP-AIFx map revealed
two sizable gaps next to the Rpt2 subunit (Figure 2),
which was not observed in the proteasome maps of the
resting, ATPyS, and substrate-engaged states. These gaps
lead to an ~50% reduction in the interaction interface
with its neighboring subunits Rptl and Rpt6 (Figure
2 and Supplementary information, Figure S§A). We
then compared the AAA-ATPase structure of protea-
some-ADP-AIFx to that of proteasome-ATPyS (S3 state,
PDB ID: 4CR4) [18], which revealed a pronounced 37.6°
inter-domain movement of the Rpt2 subunit between
its large and small AAA domains, further delineating
the origin of the gaps (Supplementary information, Fig-
ure S8B-S8E and Movie S2). Basically, the large AAA
domain of Rpt2 showed a large outward tilt away from
the central pore, and an anticlockwise twist towards the
neighboring Rpt6 subunit but away from the other neigh-
boring subunit, Rptl (Supplementary information, Movie
S2). Consequently, these domain motions led to the no-
ticeable gap between Rpt2 and Rptl. In this process, the
twist of the large AAA domain of Rpt2 was accompanied
by a clockwise rotation of the Rpt6 subunit away from
Rpt2, generating another gap between Rpt2 and Rpt6.
This coordinated motion resulted in a slight expansion

Figure 2 A new AAA-ATPase ring conformational configuration
in proteasome-ADP-AIFx map. The AAA-ATPase ring structure
of proteasome-ADP-AIFx elucidates two obvious gaps beside
Rpt2 subunit (indicated by two red stars). The map is rendered
as transparent surface and the model is in color. The interac-
tion interface (in A?) between the neighboring AAA domains is
labeled. The color scheme for the map and model of individual
AAA-ATPase subunit is followed throughout. The map here is
low-pass filtered to 5.5-A resolution (local resolution in this re-
gion) for better visualization.

of the AAA-ring accompanied by an ~3° rotation of the
entire base (Supplementary information, Figure S§B and
Movie S2). Moreover, the N-ring was observed to be
positioned a little closer to the AAA-ring, meanwhile,
the large AAA domain of Rpt2 was elevated up slightly
along with Rpnl, leading to a reduced distance between
the N-ring and the AAA-ring (Supplementary informa-
tion, Movie S2). In summary, proteasome-ADP-AIFx is
in an activated state, which also depicts a new confor-
mational configuration of proteasome, especially in the
AAA-ATPase motor region.

Interestingly, our resting state map clearly revealed a
solid piece of extra density, which belongs to the Rptl
C-terminus and is near the 20S gate, indicating a close
proximity between the Rptl C-terminus and the N-ter-
minus of the 20S 06 subunit (Supplementary informa-
tion, Figure S7E). This extra density was not seen in our
proteasome-ADP-AlFx map, suggesting that it might be
activated and more dynamic in the ADP-AIFx state. Still,
the functionality of this Rptl C-terminal tail remains un-
clear.

A distinct pore loop configuration

The central pore of AAA-ATPase is formed by the so-
called “pore loops”, which line the channel within the RP
protruding from each AAA-ATPase subunit to interact
with substrate and move axially to direct vectorial mo-
tion of the substrate towards the CP, therefore playing
an essential role in substrate unfolding and translocation
[42-44]. Our proteasome-ADP-AIFx map reveals a new
asymmetric vertical configuration of the pore loops,
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forming a right-handed “lockwasher” (Figure 3A). In this
configuration, the pore loop of Rpt5 locates the lowest
down forming the beginning of the lockwasher, and that
of Rpt6 positions the highest up within this AAA-ATPase
ring; the pore loops of the following Rpt2 and Rptl sub-
units locate slightly lower than that of Rpt6, with Rptl
forming the end of the lockwasher (Figure 3A and 3B).
This pore loop configuration is distinct from that of the
previously reported ones [16, 17, 27], further substanti-
ating the notion that with ATP binding and hydrolysis,
the AAA-ATPase ring of proteasome especially the pore
loops varies its vertical configuration, which could play a
key role in substrate unfolding and translocation [42-44].

We further inspected the structures to decipher the
motion of the pore loops. During the transformation from
the ATPyS state (PDB ID: 4CR4) [18] to our ADP-AIFx
state, the pore loop of Rpt2 elevates upwards most pro-
nouncedly (~8 A) in the vertical direction (Figure 3C);
meanwhile, this upwards motion is associated with the
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largest rigid-body rotation (about 19.6°) of Rpt2 (Sup-
plementary information, Figure S8D). Furthermore, as
described above, Rpt2 exhibits a prominent inter-domain
movement between its large and small AAA domains in
this transformation (Supplementary information, Figure
S8C, S8E and Movie S2), indicating that Rpt2 may play
an essential role in the conformational transformation be-
tween these two states in yeast proteasome. Additionally,
the pore loop of the neighboring Rpt6 subunit also ex-
hibits a noticeable upwards elevation (~4 A, Figure 3C)
and the entire Rpt6 subunit rotates about 9.4°, more pro-
nouncedly than the remaining four consecutive subunits
in the ring (Supplementary information, Figure S§D).

In addition, we compared the structures between
our proteasome-ADP-AIFx and the substrate-engaged
proteasome [17]. From the substrate-engaged state to
the ADP-AIFx state, the pore loop of Rpt6 exhibits the
largest vertical elevation of 14 A (Figure 3D), which
is accompanied by a 22.2° rigid-body rotation of Rpt6

Figure 3 A distinct configuration of pore loops in the AAA-ATPase ring of proteasome-ADP-AIFx. (A) Cutaway side view
of the AAA-ATPase ring of proteasome-ADP-AIFx, with the upper location of each of the pore loops denoted by two red
spheres. A noticeable “lockwasher-like” configuration of the pore loops can be observed (indicated by a black curve with an
arrow head), with Rpt5 and Rpt1 forming the beginning and the end of the “lockwasher”, respectively. (B) The AAA domain
of individual AAA-ATPase subunit shown in the same orientation. The pore loop is shown as thick red loop and the height of
the pore loops is denoted by the dashed black line. Same low-pass filtered map as in Figure 2 is used here. (C) The overlaid
AAA domains from proteasome-ADP-AIFx (colored) and proteasome-ATPyS (S3, PDB ID: 4CR4, transparent salmon) [18],
with the vertical differences between their positions in the two structures indicated. (D) The overlaid AAA domains from pro-
teasome-ADP-AIFx (colored) and substrate-engaged proteasome (grey), with the vertical differences between their positions
indicated. The model of the substrate-engaged proteasome structure was generated from PAN (PDB ID: 3H4M) [80].
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(Supplementary information, Figure S9C); meanwhile,
Rpt2 displays an obvious inter-domain rotation (~35.7°),
which is not observed in the other five AAA-ATPase
subunits (Supplementary information, Figure S9B and
S9D). Taken together, the pore loops of Rpt2 and Rpt6
exhibit rather substantial movements in the transforma-
tions from the ATPyS state or the substrate-engaged state
to the ADP-AIFx state; in the meantime, Rpt2 also shows
a pronounced inter-domain movement. Therefore, the
neighboring subunits Rpt2 and Rpt6 display pronounced
conformational variations responding to ATP hydrolysis
in the AAA-ATPase ring, and may play an indispensable
role in substrate processing of yeast proteasome.

ATP hydrolysis in proteasome could be a dynamic
process and there may exist multiple potential interme-
diate states, especially in the AAA-ATPase ring and the
pore loop regions. However, only one conformational
configuration was resolved from our ADP-AIFx dataset.
This configuration may be the most dominant population
in this nucleotide state, representing either the lowest
energy configuration or the rate-limiting state in the con-
formational landscape. Similarly, in previous work on
substrate-engaged proteasome, only one conformation
was resolved, which may be a snapshot of a dwell state
in the substrate processing procedure [17]. Overall, the
state that we captured here may stand for a rate-limiting
snapshot in the dynamic ATP hydrolysis process.

A Proteasome-ADP-AIFx
Rpt1

Resting state proteasome

&

}‘?, . \

Asymmetric nucleotide occupancy in proteasome-ADP-AlFx

We further inspected the nucleotide density in each of
the AAA-ATPase subunits in our proteasome-ADP-AlFx
map and found relative strong density in the nucleo-
tide-binding pockets of four consecutive AAA-ATPase
subunits (Rpt3-Rpt4-Rpt5-Rptl), no obvious extra
density in Rpt2 pocket, and rather weak density for the
potential nucleotide in Rpt6 pocket (Figure 4A). Since
cryo-EM single-particle analysis is an averaging tech-
nique, such weak nucleotide density implies a rather low
nucleotide occupancy in Rpt6. Collectively, our ADP-
AlFx state map demonstrates an asymmetric nucleotide
occupancy pattern in the AAA-ATPase ring. Still, the
resolution in this region did not allow us to accurately
distinguish ADP-AIFx from ADP in the occupied pock-
ets. Previous analyses on analogous AAA-ATPase sys-
tems (including ClpX [45], HslU [46], and PAN [47])
have suggested that a maximum of four subunits can
bind nucleotide simultaneously in the functional states,
which is mostly consistent with our observation. More-
over, this asymmetric nucleotide occupancy pattern in
consecutive subunits is to some extent in line with the
recent biochemical analysis of the PAN system [48], but
different from the ClpX system in which the two unload-
ed subunits locate on the opposite positions of the ring [49,
50].

Interestingly, in our yeast proteasome resting state

Figure 4 Distinct nucleotide occupancy statuses between proteasome-ADP-AIFx and resting state proteasome. (A) Nucleo-
tide occupancy status in the nucleotide-binding pocket of individual AAA-ATPase subunit in the proteasome-ADP-AIFx map.
We used ADP to locate the approximate position of potential nucleotide. The map reveals relative strong density in the nucle-
otide-binding pockets of four consecutive subunits (Rpt3-Rpt4-Rpt5-Rpt1), no obvious extra density in the Rpt2 pocket, and
rather weak density for potential nucleotide in the Rpt6 pocket. Same low-pass filtered map as in Figure 2 is used here. (B)
Our yeast resting state structure reveals that the nucleotide-binding pockets of all the six AAA-ATPase subunits are occupied.
In both maps, due to resolution limitation in 19S RP region, we are not able to distinguish different nucleotide forms (ADP-AIFX,

ADP, or ATP) in the individual pocket.
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map all the six nucleotide-binding pockets are occupied
(Figure 4B), which was not reported in previous study
of yeast proteasome in the same state, but is in line with
recent cryo-EM studies of human proteasome in the rest-
ing state [30-32]. Although similar excessive amount of
nucleotide was present in both the resting state and the
activated ADP-AIFx state, the nucleotide occupancy pat-
tern is distinct, indicating that the proteasome nucleotide
occupancy status could be related to the nucleotide state
and the activation status of the complex. Still, we should
mention that in the cryo-EM maps of human proteasome
in the resting state [30, 31], the nucleotide binding forms
were reported to be distinct among the six AAA-ATPase
subunits.

The 208 gate remains closed in the proteasome-ADP-AIFx
map

The established notion for the 20S gate opening is
that, upon ATP binding, the C-terminal HbYX (hydro-
phobic-tyrosine-any residue) motifs of subunits Rpt2,
Rpt3, and RptS would insert into the defined pockets on
the surface of 20S to trigger gate opening [51, 52]. Both
of our yeast proteasome-ADP-AIFx and resting state
maps clearly depict pieces of density belonging to the
C-termini of Rpt2, Rpt3, and Rpt5 in the corresponding
20S pockets (Figure 5A), which is consistent with the
functional or biochemical experiments [51, 52]. Howev-
er, the gate remains in the closed conformation in both
our maps (Figure 5A). Moreover, a good match was
observed between our two corresponding pseudo-atomic
models and the crystal structure of eukaryotic 20S with a
closed gate (PDB ID: 1RYP) [53] (Figure 5B). This is in
agreement with cryo-EM studies of the 26S proteasome
in the presence of ATP [21, 30, 31]; and by comparing

Zhanyu Ding et al.

with the proteasome-ATPyS map [18], we also noticed a
similar feature. It is possible that the gate is conforma-
tionally heterogeneous, which may be in the closed con-
formation at most of the time and only transiently show
the open conformation. This is supported by a recent
study on human proteasome, showing that the dominant
population of the particles (~92%) is in the closed gate
configuration [32].

Our data suggest that in yeast proteasome insertion
of the C-terminal HbYX motif of Rpt2, Rpt3, and Rpt5
is not sufficient to maintain an open 20S gate during
ATP-dependent substrate degradation. Other factors such
as a contact between the unstructured tail of the substrate
and the gate region may serve as an additional signal to
open the 20S gate [54-56], or the C-terminal tail of other
AAA-ATPase subunits (in addition to Rpt2, Rpt3, and
Rpt5) may also play a role in this process [32, 57]. The
previous atomic force microscopy analysis revealed that
substrate, including short peptide, could induce a shift to-
ward the open gate conformation for the 20S proteasome
[58]. In summary, our study indicates that eukaryotic 20S
gate opening by 19S is more selective and intricate than
previously thought.

Discussion

Here we present the first near-atomic-resolution cryo-
EM structure of the yeast 26S proteasome in the activat-
ed ADP-AIFx state, which reveals a new conformational
state of proteasome with a distinct AAA-ATPase ring
configuration. Our biochemical and structural analyses
further demonstrate that proteasome-ADP-AIFx is func-
tionally active and may represent one of the transition
states along the enzymatic pathway. Additionally, the

Proteasome-ADP-AIFx

Resting state proteasome

Figure 5 Insertion of the AAA-ATPase subunit C-terminal HbYX motif into 20S is not sufficient to trigger 20S gate open-
ing. (A) End-on view of 20S with the inserted C-terminal tails of Rpt2, Rpt3, and Rpt5 (red pieces of density) in the protea-
some-ADP-AIFx (dodger blue) and resting state (grey) maps. The gate region is indicated by a dash line square. (B) Super-
imposed models showing only the gate region, with that of resting state in grey, that of proteasome-ADP-AIFx state in dodger
blue, and that of the gate closed eukaryotic 20S crystal structure (PDB ID: 1RYP) [53] in sandy brown.
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proteasome-ADP-AlFx map also depicts an asymmetric
nucleotide occupancy pattern in the AAA-ATPase ring,
which is observed for the first time for yeast proteasome
in the activated state.

Our proteasome-ADP-AIFx map reveals that the pore
loop heights are related to the nucleotide binding status.
For instance, for Rpt2 and Rpt6 (with empty or only
weakly occupied nucleotide pocket), their pore loops stay
in the relative higher positions compared to those of the
other four consecutive subunits with bound nucleotide
(Figures 3A, 3B and 4A). The correlative relationship
between the heights of the substrate-binding pore loops
and the nucleotide binding states was also observed in
the comparable Rho helicase system [59].

Additionally, our data reveal a pronounced inter-do-
main movement of Rpt2 and an associated noticeable
motion of Rpt6 during the transition from the ATPyS
state to the ADP-AIFx state, which may represent a
collective result of allosteric cooperativity of all the
AAA-ATPase subunits responding to ATP hydrolysis.
Rpt2 with mutation abrogating its hydrolysis ability has
been indicated to function virtually identically to wild-
type proteasome in ATP hydrolysis and substrate deg-
radation ability in reconstituted system [57]; however,
introducing mutation in the pore loop of Rpt2 leads to se-
vere defects in substrate degradation [57], indicating the
important role of Rpt2 pore loop in substrate processing.
Interestingly, the aforementioned pronounced inter-do-
main movement of Rpt2 brings its pore loop to the top
ranking position of the lockwasher, which is accompa-
nied by a pore loop elevation of the neighboring Rpt6.
This Rpt2 motion-induced pore loop repositioning may
delineate the important role of Rpt2 in substrate process-
ing. Moreover, other biochemical analyses have shown
that mutation of the invariant lysine residue K229 of
Rpt2, in the nucleotide-binding pockets and essential for
ATP hydrolysis, is lethal in the endogenous yeast system,
which is not the case for other Rpt proteins [60]. Further
studies substantiate the notion that Rpt2 plays a major
role in regulating the peptidase activity of the CP [60,
61]. Taken together, our data imply that the discharged
energy from ATP hydrolysis can be converted through
allosteric cooperativity into mechanical forces associated
with the dramatic conformational changes of Rpt2 and
noticeable motion of Rpt6 and the consequent pore loop
elevation, which may facilitate the substrate processing
of proteasome.

Noteworthy, although incubated with over excess
ADP-AIFx, the nucleotide occupancy pattern in the six
AAA-ATPase subunits is asymmetric, suggesting that,
in the activated proteasome-ADP-AIFx, it is unlikely
that proteasome consumes nucleotide in a concerted

manner. Interestingly, previous studies have shown that
the pore loop of Rptl stays in the highest position in
the AAA-ATPase ring of proteasome-ATPyS [18], and
Rptl could probably trigger the ATP hydrolysis pro-
gressively around the ring [57]. Furthermore, in our
proteasome-ADP-AIFx map, the particular inter-domain
motion of Rpt2 may accommodate its Arg-finger project-
ing towards the ATP in the nucleotide-binding pocket of
the adjoining Rptl, which may facilitate ATP hydrolysis
[27, 48]. Putting together, it is possible that Rpt1 initiates
ATP hydrolysis under the aid of Rpt2. The following
three consecutive AAA-ATPase subunits (Rpt5-Rpt4-
Rpt3) all have their nucleotide-binding pockets occupied
(Figure 4A) and prepared for the following ATP hydro-
lysis, which therefore may operate in a counterclockwise
sequential manner. The ATP hydrolysis would rapidly
induce dramatic conformational changes around the ring,
facilitating the unfolding and translocation of substrate
through the ATPase channel.

Interestingly, the AAA-ATPase subunit Rpt2 is adja-
cent to the dynamic Rpnl subunit, a platform to recruit
ubiquitinated substrate and deubiquitinating enzyme
Ubp6 [62]. The close proximity between Rpt2 and Rpnl
could link the ATPase cycle to the positioning of Rpnl,
which may contribute to substrate positioning and trans-
location.

Previous data have shown that in the transition from
the resting state to the ATPyS state, the horseshoe-like
configuration of PCI domains dramatically rotates along
the base to reposition Rpnll to the top of the AAA-AT-
Pase pore, which is beneficial for efficient substrate deu-
biquitination [18, 27]. Here our data reveal that, in the
following transition from the ATPyS state to the ADP-
AlFx state, the relative position of Rpnll remains on
the top of the AAA-ATPase pore trapped by the coiled
coils of Rpt3/6 and Rpt4/5 (Supplementary information,
Figure S10), but with a rotation of 13.4° (due to the ro-
tation of the lid, discussed below). The relative position
of Rpnll to the pore further corroborates the notion that
proteasome-ADP-AIFx is in an activated state. Collec-
tively, the factors discussed above may allosterically reg-
ulate and maintain the activity of Rpnl11.

In our proteasome-ADP-AIFx structure, the ubiquitin
receptor Rpn10 contacts the coiled coil of the AAA-AT-
Pase dimer Rpt4/5, similar to that observed in the protea-
some-ATPyS structure [18, 27] (Supplementary informa-
tion, Figure S10A and S10B). However, Rpnl0 rotates
about 18° clockwise along with the coiled coil of Rpt4/5
due to the rotation of the entire AAA-ATPase ring trig-
gered by ATP hydrolysis (Supplementary information,
Figures S8B and S10C). The conformational change in
Rpt2 and Rpt6 and the subsequent motion in the entire
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base could be propagated to the lid through the rotation
of the coiled coils of Rpt3/6 and Rpt4/5 (Supplementary
information, Movie S2). These results demonstrate that,
in the nucleotide cycle, conformational changes in the
ATPase ring could initiate the allosteric coordination of
the lid and subsequently the entire complex so as to ex-
hibit its substrate processing function.

Our high-resolution cryo-EM structure of yeast pro-
teasome in one of its possible activated transition states
demonstrates that the ATP hydrolysis-driven collective
motion of Rpt2 and Rpt6 could lead to an elevation of
their pore loops, which may play a special role in sub-
strate processing. Our results provide new insights into
the structural mechanism of proteasome allosteric co-
ordination and take a step forward towards elucidating
the structural mechanism of substrate degradation by the
proteasome.

Materials and Methods

Yeast strain and plasmid construction

Single-capped 26S proteasomes were purified from S. cerevi-
siae by using Rpn11-3xFLAG [63, 64]. To integrate the 3xFLAG
tag into the C-terminus of Rpnl1, the respective plasmid was cre-
ated as follows: first, the sequence encoding the 3xFLAG epitope,
the stop codon of the Rpnl1 gene, and the URA3 gene were ampli-
fied and fused by sequential PCR (cassette I). Next, the 3'-segment
(478 bp) of the ORF of the Rpnl1 gene (without the stop codon),
cassette I and 500 bp downstream of Rpnll were cloned into a
pUCI19 vector by using the ClonExpress MultiS One Step Cloning
Kit (Vazyme). The 3'-segment of the Rpn11-cassette [-downstream
was amplified by PCR from the resultant plasmid and introduced
to the BY4741 background yeast strain (MATa, his3A1 leu2A0
met15A0 ura3A0) by a chromosomal homologous recombination.

Purification of the single-capped 26S proteasome

To purify the endogenous single-capped 26S proteasome, yeast
cells cultured in YPD medium at 30 °C were harvested, washed
twice with water and stored at —80 °C. The frozen yeast cells were
lysed with an ultra-high pressure cell disrupter in lysis buffer (50
mM Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM MgCl,, 4 mM ATP,
10% glycerol, 0.2% NP-40). The lysate was centrifuged at 20 000x
g for 30 min at 4 °C. The clarified lysate was filtered through
cheesecloth and then incubated with anti-FLAG M2 agarose beads
(Sigma) for 2 h at 4 °C. The beads were recovered and washed
twice with wash buffer (50 mM Tris-HCL, pH 7.5, 100 mM NacCl,
5 mM MgCl,, 2 mM ATP, 10% glycerol, 0.1% NP-40) before
eluting with 500 pg/ml 3xFLAG peptide (Shanghai Bootech Bio-
Science & Technology). For separation of the single-capped 26S
proteasome, the eluted samples were further subjected to a 10%-
40% glycerol density gradient centrifugation, fractionated, and
analyzed by activity assay, SDS-PAGE and negative stain EM.

Nucleotide exchange and native gel electrophoresis

In the proteasome purification process, oversaturated amount
of ATP is used, which needs to be consumed before exchanging to
other ATP analogues. Apyrase was used to deplete all these ATP
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[33]. To ensure the activity of apyrase, the buffer for the purifi-
cation of 26S proteasome was exchanged to the aforementioned
wash buffer (except for the exchange of NP-40 to DTT) with re-
duced glycerol to 5%. The proteasome was treated with apyrase
for 1 min to deplete ATP, and incubated with | mM ATP analogues
(including ADP-AIFx, ATPyS, and ADP) at 30 °C for 1 h fol-
lowing the protocol reported previously [33]. The samples were
subsequently analyzed by native PAGE. The PAGE was prepared
with 4% acrylamide gels containing 1 mM ATP and 1 mM DTT, as
described previously [65]. About 1 pg of proteasome was loaded
on the gel with the native loading buffer. The gel electrophoresis
was then carried out at 100 V at 4 °C for 3 h. Afterwards, the gel
was either stained for protein with coomassie blue or overlaid with
Suc-Leu-Leu-Val-Tyr-AMC (100 uM) for assessment of protea-
some activity.

Proteasome activity measurement

Overall, after cleaving the fluorogenic peptide Suc-Leu-Leu-
Val-Tyr-AMC by the proteasome, the proteasome activity can be
determined by measuring the resulting fluorescence due to free
AMC [66]. In more details, after the glycerol density gradient cen-
trifugation, we carried out the activity assay in a 96-well plate to
quickly define the fractions containing proteasome. In addition, we
can also perform native PAGE to accurately distinguish each forms
of proteasome including double-capped proteasome, single-capped
proteasome, and 20S. Afterwards, to detect the fluorescence, the
samples either in the 96-well plate or from the native PAGE were
incubated in buffer containing 100 uM fluorogenic peptide for 10
min at 30 °C. The reaction was stopped by addition of 1% SDS
[65]. The fluorescence of the product was visualized by using a gel
image system (Tanon-1600, Shanghai, China). For the continuous
measurement of the proteasome proteolytic activity, the sample
was buffer exchanged and incubated at 30 °C for 1 h, and the fluo-
rescence was detected at an excitation of 380 nm and an emission
of 460 nm every 30 s for a total of 10 min using a multimode mi-
croplate reader (BioTek).

Cryo-EM sample preparation and data collection

Except for the nucleotide exchange step, the following sample
preparation procedure was identical for the resting state and pro-
teasome-ADP-AlFx samples. 200 mesh holey carbon Quantifoil
R2/1 grids were plasma cleaned using a Solarus plasma cleaner
(Gatan), followed by grid pretreatment with polylysine [16] to
obtain more random orientations of proteasome particles. The
glycerol concentration in the purified sample was reduced to 2% in
the same wash buffer (except for the exchange of NP-40 to DTT)
before cryo-sample preparation. A volume of 2 ul of the sample
was placed onto a grid, followed by blotting for 1 s with —1 offset
in 100% humidity utilizing Vitrobot Mark IV (FEI company), and
then flash frozen in liquid ethane.

Images were taken by using a Titan Krios transmission electron
microscope (FEI) operated at 300 kV and equipped with a Cs cor-
rector. We collected the data cross several months in six sessions
with the Cs values ranging from 0.001 to 0.006 mm. Images for
proteasome-ADP-AlIFx were collected by using a K2 Summit di-
rect electron detector (Gatan) in counting mode with a pixel size
of 1.32 A. Each movie was dose-fractioned into 38 frames. The
exposure time was 7.6 s with 0.2 s for each frame, generating a
total dose of ~38 ¢ /A”. The resting state proteasome data were
also recorded on the Titan Krios but with a Falcon II detector. The
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pixel size was 1.09 A, and each movie was dose-fractioned into
18 frames with a total dose of ~25 ¢ /A”. Defocus values for both
datasets varied from —1.8 to —2.5 pm. All the images were collect-
ed by utilizing the SerialEM automated data collection software
package [67].

Cryo-EM data processing

A total of 13 871 and 3 499 micrographs were used for the
proteasome-ADP-AIFx and resting state proteasome structure de-
terminations, respectively. All images were aligned and summed
using MotionCorr whole-image motion correction software [68].
Unless otherwise specified, single-particle analysis was mainly
executed in RELION 1.3 [69]. After CTF parameter determina-
tion by CTFFIND3 [70], particle auto-picking, manual particle
checking, and reference-free 2D classification, 1 107 189 and 89
000 particles remained for the proteasome-ADP-AIFx and resting
state datasets, respectively. For both datasets, the initial model was
a single-capped 26S proteasome, derived from the previous dou-
ble-capped 268 resting state cryo-EM map (EMDB ID: 1992) [16]
but was segmented out as a single-capped 26S proteasome and
low-pass filtered to 60 A using proc3d program in EMAN 1.9 [71].

For proteasome-ADP-AIFx reconstruction, one round of
3D classification was carried out to extract 331 012 good sin-
gle-capped proteasome particles. Then an auto-refine procedure
was performed in RELION to generate a 4.6-A-resolution map.
Afterwards, the 3-34 frames were used for the first round of
per-particle motion correction (also known as particle polishing
[72]) without B factor weighting. These polished particles were
further three-dimensionally classified into four classes, among
which one class with better features (containing 178 576 parti-
cles) was subjected to the auto-refine procedure, resulting in a
4.4-A-resolution map. To further improve the map quality, we
chose 3-14 frames (with a lower dose of 14 ¢ /A% to perform a
second round of per-particle motion correction without B factor
weighting. These newly polished particles were subjected to one
more round of auto-refinement, which gave rise to a map with a
resolution of 4.2 A. This map was corrected for modulation trans-
fer function of the detector and was sharpened by applying a neg-
ative B-factor (—127 A?), estimated by an automated procedure in
RELION. The resolution was accessed based on the gold-standard
criterion with FSC at 0.143, and the local resolution was estimated
by ResMap [73].

For the resting state dataset with 89 000 particles, we per-
formed an auto-refine procedure to obtain a 7.4-A-resolution map.
We then used 3-18 frames for the first round of per-particle motion
correction [72] without B factor weighting. These polished parti-
cles were then 3D classified into four classes. Among them, one
class with 26 000 particles showed better structural details and
showed a conformation similar to those of the previous resting
state structures [16, 18, 20-23], and was hence referred to as the
resting state. Considering the extremely dynamic nature of Rpnl
and Rpnl13 and the weak density in each of these two regions, we
generated a mask without Rpnl and Rpnl3 and further auto-re-
fined the data with this mask, which gave rise to a 6.3-A-resolution
map after post-processing. For the same dataset, we carried out
another auto-refinement procedure without any masking. This re-
finement led to a 6.9-A-resolution map, in which the density levels
for Rpnl and Rpn13 were comparable to that in the reconstruction
with the mask. We then chose the masked map for further refine-

ment. Afterwards, 3-11 frames were used for a second round of
per-particle motion correction without B factor weighting, with
a dose of 15 e¢/A”. After one round of auto-refinement, the final
resolution of the 3D map was at 6.3 A but with improved features,
and was used for model building. This map was corrected for
modulation transfer function of the detector and was sharpened by
applying a negative B-factor of —168 A’, automatically determined
by RELION.

We should mention that based on the ATP presented dataset, we
also reconstructed an 8.9-A-resolution cryo-EM map from a class
of 11 588 particles, which resembled the proteasome-ATPyS struc-
ture [18, 23, 27]. This confirmed the notion that in the presence of
ATP, there exists a mixture of conformations, i.e., the resting state
and activated state [23]. Since this map did not reveal new struc-
tural features, we did not include it in the analysis of this work.

Pseudo-atomic model building and validation

For 198, the initial model for our resting state structure was
based on the previous model in the same state (4CR2) [18], and
the initial model for our proteasome-ADP-AIFx structure was
from that of the previous proteasome-ATPyS (4CR4) [18] struc-
ture; and the model of 20S was based on the crystal structure of
the S. cerevisiae 20S (1RYP) [53]. We carried out further flexible
fitting against our cryo-EM maps of the resting state and protea-
some-ADP-AIFx to build a pseudo-atomic model for each of these
two maps. First, some of the missing structural information in the
original models but well resolved in our maps was added to the
model using COOT [74], including a loop of 11 amino acids at
the Rptl C-terminus in the resting state, and a helix of the Rpn5
N-terminus in both maps. For each of the two states, we fitted the
model into the corresponding map as a rigid body utilizing Chi-
mera [75]. COOT [74] was also used for manual local refinement
of the model. Following that, we carried out flexible fitting of the
model, without Rpnl and Rpnl13 due to the weak density in these
regions in both maps probably caused by their distal location and
intrinsic plasticity [76], against the corresponding map by using
the real-space refinement software package Rosetta [77]. Still, for
a more complete visualization of the structure, we used the previ-
ous models for these two subunits [18] and manually placed them
into the density.

Model validation was performed following the protocol of
phenix.molprobity [78, 79]. UCSF Chimera was used for map seg-
mentation and figure generation [75].

Accession numbers

EM maps have been deposited in the Electron Microsco-
py Data Bank under accession codes of EMD-6694 (protea-
some-ADP-AlFx) and EMD-6693 (the resting state proteasome).
Pseudo-atomic models for proteasome-ADP-AIFx and the resting
state proteasome have been deposited in the Protein Data Bank
under accession numbers of SWVK and SWVI, respectively.
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