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Proteasomal degradation of ubiquitylated proteins is tightly regulated at multiple
levels' . A primary regulatory checkpoint is the removal of ubiquitin chains from
substrates by the deubiquitylating enzyme ubiquitin-specific protease 14 (USP14),
whichreversibly binds the proteasome and confers the ability to edit and reject

substrates. How USP14 is activated and regulates proteasome function remain
unknown*”. Here we present high-resolution cryo-electron microscopy structures of
human USP14 in complex with the 26S proteasome in 13 distinct conformational states
captured during degradation of polyubiquitylated proteins. Time-resolved
cryo-electron microscopy analysis of the conformational continuum revealed two
parallel pathways of proteasome state transitions induced by USP14, and captured
transient conversion of substrate-engaged intermediates into substrate-inhibited
intermediates. On the substrate-engaged pathway, ubiquitin-dependent activation of
USP14 allosterically reprograms the conformational landscape of the AAA-ATPase

motor and stimulates opening of the core particle gate

810 enabling observation of a

near-complete cycle of asymmetric ATP hydrolysis around the ATPase ring during
processive substrate unfolding. Dynamic USP14-ATPase interactions decouple the

ATPase activity from RPN11-catalysed deubiquitylation

"B and kinetically introduce

three regulatory checkpoints on the proteasome, at the steps of ubiquitin recognition,
substrate translocation initiation and ubiquitin chain recycling. These findings provide
insights into the complete functional cycle of the USP14-regulated proteasome and
establish mechanistic foundations for the discovery of USP14-targeted therapies.

The majority of cellular proteinsin eukaryotes are targeted to the 26S
proteasome for degradation by ubiquitylation pathways, which regu-
late major aspects of cellular processes''°. The proteasome holoenzyme
isassembled froma cylindrical 20S core particle (CP) capped with one
ortwo19Sregulatory particles (RPs), each consisting of the lid and base
subcomplexes’®. The ring-like heterohexameric motor of the AAA
(ATPase associated with diverse cellular activities) family of adenosine
triphosphatase (ATPase) in the base regulates substrate processingin
the proteasome via multiple modes of coordinated ATP hydrolysis°.
The proteasome is dynamically regulated by numerous proteins that
reversibly associate with it via mechanisms that remain unknown®.
USP14 is one of the three proteasome-associated deubiquitinating
enzymes? (DUBs) and is crucially involved in the regulation of pro-
teostasis, inflammation, neurodegeneration, tumorigenesis and viral
infection*"*%, USP14 is a potential therapeutic target for treating cancer,
inflammatory and neurodegenerative diseases®*'*", Incommon with
itsyeast orthologue Ubp6, USP14 has major roles in proteasome regu-
lation and is prominently activated upon reversible association with
the proteasome*”’. USP14 and Ubpé6 stabilize many cellular proteins
against proteasomal degradation by ubiquitin chain disassembly as well

asnoncatalytically’®°, Unlike the stoichiometric subunit RPN11 (also
known as PSMD14), the DUB activity of whichis coupled to ATP-driven
substrate translocation, USP14 catalyses removal of supernumerary
ubiquitin chains onasubstrate enbloc, independently of ATPase activ-
ity, until asingle chain remains’. Paradoxically, binding of ubiquitylated
substrates to USP14 stimulates proteasomal ATPase activity and CP gate
opening?® 2. The molecular mechanisms underlying USP14 activation
and its regulation of the proteasome remain unknown.

Previous cryo-electron microscopy (cryo-EM) studies have deter-
mined the atomic structures of the USP14-free, substrate-engaged
proteasomes at key functional steps, including ubiquitin recognition
(statesE, and E,,), deubiquitylation (state E;), translocationinitiation
(states E¢, and E,) and processive degradation (states E; and Ep,)"™.
Early cryo-EM reconstructions have revealed the approximate loca-
tions of USP14 and Ubpé6 in the proteasome?® ¢, However, the insuf-
ficient resolution and the absence of polyubiquitylated substrates in
these studies preclude understanding of USP14-mediated proteasome
regulation atthe atomiclevel. Inaddition, the highly dynamic nature of
USP14-proteasome association has hampered structural determina-
tion of full-length USP14. Here we report time-resolved cryo-EM studies
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Fig.1| Time-resolved cryo-EM analysis of the conformational landscape of
USP14-proteasome complexesintheact of substrate degradation.

a,b, Cryo-EM density map of the substrate-engaged USP14-proteasome
complexinstateEps ', viewed from the top (a) and side (b). ¢, Side view of the
cryo-EM density map of the substrate-engaged USP14-proteasome complexin
stateEDy . Compared to the view of EN5"* in b, USP14 is rotated about 30° to
dockontothe AAAdomain of RPT1. To visualize the substrate density inside
the AAA-ATPase motor, the density of RPTSisomittedinbothband c.d, Atomic
model of state Ep3h* viewed from the same perspective asin a. e, Kinetic
changes of overall particle populations of S,-like and E,-like states versus
E,-like states obtained from time-resolved cryo-EM analysis. E,-like states

includeER, EXSY and ERSS. Sp-like states include Sy, SESPH* SUSP* and Spaf4.

of human USP14 in complex with functional proteasome in the act of
substrate degradation. Our structural and functional analyses portray
adynamic picture of USP14-proteasome interactions and reveal the
mechanism of allosteric ‘tug-of-war’ between USP14 and the protea-
some for deciding substrate fate.

Visualizing intermediates of USP14-proteasome

To prepare a substrate-engaged USP14-proteasome complex, we
separately purified human USP14, RPN13 (also known as ADRM1) and
USP14-free 26S proteasome (Extended Data Fig.1). Although the ubiq-
uitin receptor RPN13 appears to be present in the purified USP14-free
proteasome (Extended Data Fig. 1e), it was absent from previous
cryo-EM reconstructions of human proteasomes®'**%% probably
duetoitssub-stoichiometriclevels.Inan attempttosaturate the protea-
some with RPN13, and thereby enhance substrate recruitment by the
USP14-bound proteasome, we mixed stoichiometric excesses of both
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Ep-likestatesinclude Epy ™, EpsT™, Eng ™, Ens ™, Ensro* and E3 4. The control
consists of previously reported data for substrate-free, USP14-free
proteasome®. f, Kinetic changes of the particle populations of 13 coexisting
conformational states of USP14-bound proteasome from the cryo-EM samples
made at different time points after mixing the substrate with the USP14-
proteasome complexinthe presence of ImMATP at10 °C. Three
substrate-inhibited intermediates (S5°>™*, S¢5"* and Sp3***) reach their maximal
populations ataround 5 min, in contrast to state S53'** and six
substrate-engaged states, which all reach their maximal populations at
approximately 1 min. The number of particles usedineand fare provided in
Extended DataFig.2b, c.

purified USP14 and RPN13 with the USP14-free proteasome before sub-
strate addition. We used SicI™ conjugated with Lys63-linked polyubiq-
uitin chains (Ub,-Sic1?¥) asamodel substrate’. Lys63-linked chains are
the second most abundant ubiquitin linkages in mammals and regulate
essential intracellular functions such as endocytosis, DNA repair and
immune responses’. We collected cryo-EM datasets for samples pre-
pared by cryo-plunging at 0.5,1, 5 and 10 min after mixing Ub,-Sic1™
withthe USP14-bound proteasomein the presence of 1 mMATP at 10 °C.
Because 3D classification of cryo-EM dataindicated thatintermediate
states were maximized approximately 1 min after substrate addition,
we collected considerably more data at this time point (Fig. 1e, f).
Tofacilitate structural determination at high resolution, we collected
another large dataset by exchanging ATP with the slowly hydrolysed
ATPyS1min after substrate addition at 10 °C, whichis expected tostall
all coexisting intermediate conformations'. Deep learning-enhanced
3D classification” enabled us to determine 13 distinct conformational
states of the USP14-bound proteasome, including 3 E,-like, 4 S,-like and



6 Ey-like conformers, at nominal resolutions of 3.0-3.6 A (Fig. 1a-d,
Extended Data Figs.2-4, Extended Data Table 1). As expected, each of
the 13 states was consistently observed under both the ATP-only and
ATP-to-ATPYS exchange conditions despite the differences in state
populations (Extended Data Figs. 1r, 2, 5a).

The six Ep-like substrate-engaged states—designated
ENST ENST ENSP* and ESST*—captured sequential intermediates dur-
ing processive substrate unfolding and translocation, which are com-
patible with the hand-over-hand translocation model'®* (Extended
DataFigs. 6, 7, Extended Data Table 2). The cryo-EM density of USP14
in state ES5T is of sufficient quality to allow atomic modelling of
full-length USP14 (Extended Data Fig. 4c, d). Anunfolded polypeptide
substrate is observed in the AAA-ATPase channel in all of the E,-like
states. These states also exhibit an open CP gate, with five C-terminal
tails (C-tails) of ATPase subunits (RPT1-RPT6, excluding RPT4) inserted
into the inter-subunit surface pockets on the a-ring (a-pockets) of the
Cp8-103031 (Fig 33, Extended Data Fig. 6h).

There are no substrate densities observed in the AAA-ATPase
channel of the four Sy-like states, designated S5°r**, SZF, SUSP1* and
ShsP™. Substrate insertion into the AAA-ATPase channel is sterically
lnhlbited inthese states, because RPN11blocks the substrate entrance
at the oligonucleotide- or oligosaccharide-binding (OB) ring of the
AAA-ATPase motor (Extended DataFig. 7f). The AAA-ATPase conforma-
tions of S5>F14, SUSP14 SUSPI4 and SUSP1 resemble those of S, Spy, Eng’ +and
EpsT, respectlvely”(Extended DataFigs. 5f, 7d). However, the ATPase-CP
mterfaces of states S§°", SEP* and S resemble those of states E,,
E. and E;,, where two, four and five RPT C-tails are inserted into the
a-pockets, respectively’ (Extended Data Fig. 6h). Thus, the CP gate
remains closed in S5>F* and S&P™, but is open in S * and SpsF .

Human USP14 comprises 494 amino acids and features a 9-kDa
ubiquitin-like (UBL) domain at its N terminus, followed by a 43-kDa
USP domain joined via a flexible linker region of 23 amino acids. The
overall USP14 structure bridges the RPN1and RPT1 subunits in all the
Sp-like and E-like states, in agreement with previous low-resolution
studies® 2 (Extended DataFig. 5c). By contrast, the three E,-like states,
designated ESSY, ES5% and E45 5, show no visible density for the catalytic
USP domain of USP14, although a density consistent with the UBL
domain is observed at the T2 site of RPN1**2 (also known as PSMD2)
(Extended DataFigs. 4a, 7e).

EUSP14 EUSP14'

Time-resolved conformational continuum

Time-dependent quantification of the degraded Ub,-Sic1 substrate
indicates that USP14 reduced the degradation rate by approximately
two-fold compared with that of the USP14-free proteasome’ (Extended
Data Fig. 1k). The majority (about 80%) of substrates were eventually
degraded by the USP14-proteasome mixture after 30 min of reaction
under the same conditions used for our time-resolved cryo-EM analy-
sis. Notably, the substrate-engaged and substrate-inhibited intermedi-
ates coexisted at all measured time points and reached their maximal
per cent levels at approximately 1 and 5 min, respectively, after sub-
strate addition (Fig. 1e). The population of Sy"** became the largest
among the substrate-inhibited states in 5-10 min (Fig. 1f). The overall
population of substrate-inhibited intermediates varied within a small
range of 7.7-10.3% from 0.5 to 5 min and was comparable to the 7.3 %
ofthe S,-like states before substrate addition (Fig. 1e, f, Extended Data
Fig.2b, c), suggesting that the substrate-inhibited pathway was induced
in parallel to the substrate-engaged pathway and was promoted by
USP14 despite the stoichiometric excess of ubiquitylated substrates.
Consistent with previous studies?, these results indicate that the
substrate-engaged intermediates were converted to substrate-inhibited
states upon termination of substrate translocation.

Despite exhaustive 3D classification, we did not observe in any
USP14-loaded experimental conditions the proteasome states E; and
Ec, which represent RPN11-mediated deubiquitylation and

translocation initiation prior to the CP gate opening, respectively.
This implies that USP14 prevents the proteasome from assuming the
conformation of RPN11-catalysed deubiquitylation. In contrast to the
RPN11-bound ubiquitin in states EY5, and EY5Y, no ubiquitin was
observed on RPN11in any state in which USP14 is engaged with ubig-
uitin (Fig. 1a-d, Extended Data Figs. 4a, 7a-c), suggesting that activated
USP14 and RPN11 do not bind ubiquitin simultaneously.

Dynamic USP14-proteasome interactions

The UBL domain of USP14 binds the RPN1 T2 site via a hydrophobic
patch centred onresidue Leu70, which is structurally homologous to
thelle44 patch of ubiquitin (Fig. 2a). The RPN1 T2 site is composed of
residues Asp423, Leu426, Asp430, Tyr434, Glu458, Asp460 and Leu465
on two adjacent helix-loop regions, in agreement with previous find-
ings?*2, The N-terminal stretch of the linker (residues Ala77 to Phe88) in
USP14 appears tobind the ridge of the toroid domain of RPN1 (Fig. 2a).

USP14 interacts with both the OB and AAA domains of the ATPase
ring. The USP-OB interaction is mediated by the blocking loops 1
(BL1), 2 (BL2) and 3 (BL3) of the USP domain (Fig. 2b), which buries a
solvent-accessible area of approximately 527 A> on USP14. BL1 makes
the most extensive interface with the OB ring around residues GIn128
and Asp133 of RPT1 (also known as PSMC2), whereas Ser430in BL2 and
Trp472in BL3 interact with GIn128 of RPT1 and Asp118 of RPT2 (also
known as PSMCI1), respectively (Fig. 2c). The movement of the USP
domain between different proteasome states appears to adapt to the
rocking motion ofthe AAA-ATPase motor and maintainsitsinteraction
with the OB ring (Fig. 3a-d, Extended Data Fig. 8a).

In contrast to the USP-OB interface, which is nearly invariantin all
Sp-like and Ep-like states, USP-AAA interactions vary prominently
(Fig. 3a, b). In states Egor ™, EpsP, ESsil* and ENSTH, the USP domain is
flipped up and completely detached from the AAA domain of RPT1.
By contrast, the USP domain exhibits differential interactions with the
AAA domain of RPT1in other states (Fig. 3h, Extended Data Fig. 8a),
suggesting that USP14 preferentially recognizes these AAA conforma-
tions and stabilizes these states by direct interactions. The most exten-
sive USP-AAA interactions are observed in state Egy '* (Fig. 3h-k).
Inthis conformation, a helix-loop region (residues 371-391) protruding
from the USP domain contacts the AAA domain of RPT1, which buries
asolvent-accessible area of approximately 850 A2 on USP14.

USP14 activation by the proteasome

Occlusion of the ubiquitin C terminus-binding groove in USP14 by BL1
and BL2 auto-inhibits the DUB activity in the absence of the proteasome’.
Comparison of the USP14 structure in state Eg 1 with the crystal struc-
tures of the USP domain in isolated and ubiquitin aldehyde-bound
forms® reveals differential conformational changes in BL1 and BL2
(Fig.2b). The BL1regionis an openloop in the crystal structures but is
folded into a B-hairpin sandwiched between the OB ring and ubiquitin
inthe proteasome (Fig. 2b, d). By contrast, the BL2 loop ismoved approx-
imately 4 A to make way for docking of the ubiquitin C terminus into
the active site groove. Stabilized by the USP-OB interface, BL1and BL2
together hold the ubiquitin C terminus in a 3-strand conformation
(Fig. 2c), inwhich the main chain carbon of ubiquitin C-terminal Gly76
is placed approximately 3.4 A away from the sulfur atom of the catalytic
Cysl14 and is fully detached from the substrate, indicating that the
structure represents a post-deubiquitylation state of USP14 (Fig. 2e).
Thisternary architecture of the ubiquitin-USP-OB sandwichindicates
that ubiquitin binding stabilizes the BL1 -hairpin conformation and
the USP interaction with the OB ring. Indeed, microscale thermopho-
resis (MST) measurements show that the dissociation constant (approx-
imately 44 nM) of USP14 with the proteasome in the presence of
Ub,-Sicl1? is approximately half of that (approximately 95 nM) in the
absence of ubiquitin conjugates and one third of that (approximately
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Fig.2|Structural basis of proteasome-mediated activation of USP14.
a,Side-chaininteractions between the USP14 UBL domainand the RPN1 T2 site
inthe proteasomesstate Egsh*. b, Structural comparison of the blocking loops
by superimposing the USP14 structurein state Egs* with two crystal structures
of USP14 initsisolated form (PDBID:2AYN) and in complex with ubiquitin
aldehyde’ (UbAI) (PDB ID: 2AYO). ¢, Magnified view of the ubiquitin-USP-OB
sandwicharchitectureinstateEgsh*. d, Local cryo-EM density of the BL1 motif
instateEg3h*in mesh representation superimposed withits atomic model in
cartoonrepresentation from two opposite orientations, showing its 3-hairpin
conformation. e-g, Magnified views of the interfaces between the catalytic
Cysl114 of USP14 and the C-terminal Gly76 of ubiquitin (e), between the USP14
BL1motifand the RPT10B domain (f), and between the USP14 BL3 motifand
the RPT2 OB domain (g). Key residues mediating the inter-molecular
interactionsareshowninstickrepresentationina-g.h, Invitro degradation of

137 or135 nM, respectively) of either UBL or USP domain alone (Extended
Data Fig. 11-0). Thus, USP14 affinity towards the proteasome reflects
interactions of both its UBL and USP domains and is enhanced by
Ub,-Sic1™, consistent with previous studies®.

To test the functional importance of the ubiquitin-USP-OB inter-
facein USP14 activation, we performed structure-based site-directed
mutagenesis (Extended DataFig. 9). Indeed, the USP mutations, includ-
ing the single mutant K334Q and the double mutant V343A/L344A
at the BL1-OB interface (Fig. 2f), F331A/Y333A at the ubiquitin-BL1
interface, as well as the single mutant E202K that disrupts the salt bridge
between Glu202 of USP and Arg42 of ubiquitin (Fig. 2c), all abrogated
the DUB activity of USP14—similar to the effect by C114A mutation
that removes the active site of USP14—and showed no obvious inhibi-
tion of proteasomal degradation (Fig. 2h, i, Extended Data Fig. 9e, f).
By contrast, the single mutants BL1(F332A) and BL3(W472A) retained a
reduced DUB activity and suppressed proteasome functionto alesser
extent (Fig. 2f-i). These contrasting phenotypes substantiate our struc-
tural finding that the ubiquitin-USP-OB interactions are essential for
USP14 activation towards efficacious deubiquitylation.

The overall structure of full-length USP14 exhibits three major states
(Extended Data Fig. 8b), far fewer than the number of USP14-bound
proteasome states, suggesting that the conformational entropy of the
linker region is greatly reduced upon USP14 assembly and activation
ontheproteasome. Inthelinker region, the residues Glu90 and Asp91
arepotentially involved intransient interactions withthe RPN1toroid
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Ub,-Sic1” by the human proteasome assembled with USP14 variants at 37 °C,
analysed by SDS-PAGE and westernblot using anti-T7 antibody to visualize the
fusion protein T7-Sic1”". See Supplementary Fig.1for gel source data. These
experiments were repeated independently three times with consistentresults.
The proteasome without USP14 (no USP14; labelled W/O above the leftmost
lanes) is used as anegative control. Lanes labelled WT correspond to the
proteasome bound to wild-type USP14.1i, Ubiquitin~-AMC hydrolysis by the
USP14 mutants dictates their DUB activity in the proteasome. RFU, relative
fluorescence units. RFU values at 60 min are shown. All labelled Pvalues were
computed against the wild-type USP14 using atwo-tailed unpaired t-test. Data
aremeants.d.fromthreeindependent experiments. Each experiment
includes threereplicates. The quantification of wild-type USP14 was used as a
denominator to normalize allmeasurements.

(Extended DataFigs. 7g, 9a). Deletion of residues 93-96 and insertion of
TEEQ afterresidue 92 inthe linker suppressed proteasomal degradation
of Ub,-Sic1™ more potently than the double point mutation E90K/D91A
(Extended Data Fig. 9d, g). All three USP14 mutants showed 20-30%
reductionsin DUB activity relative to the wild-type USP14. These obser-
vations suggest that the linker length and composition of USP14 may
have been evolutionarily optimized for DUB activity, although the UBL
and USP domain architecture appears to be functionally robust against
variations of the linker region.

Allostericregulation of ATPase activity

USP14 interacts with the AAA domain of RPT1via two discrete interfaces
instate E5y ** (Fig. 3a, Extended Data Fig. 4f). The primary USP-AAA
interface is composed of a negatively charged surface on a helix (resi-
dues371-383) and aloop (residues 384-391) protruding out of the USP
domain, which buries the majority of the USP-AAA interface (Fig. 3g,
h). The helix region appearsto pack againstaconvexsurface of the large
AAA subdomains of RPT1, on which Arg371, Lys375 and Asn383 of USP14
interact with Glu185, His197 and Glu199 of RPT1, whereas theloop region
(384-391) reaches the small AAA subdomain of RPT1 (Fig. 3i). The sec-
ond USP-AAA interface is centred on Tyr285 in the PKL loop region of
USP14 that interacts with Lys267 and Lys268 of RPT1 (Fig. 3j).

Instate ES™, ADP is bound to the Walker A motif between the large
andsmall AAAsubdomain of RPT1, the dihedral angle of whichis directly
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substrate entrance of the OB ring before any substrate insertion takes place,
USP14 trims ubiquitin chains and releases the substrate from the proteasome,
thus preventing the substrate degradation (dashed turquoise arrows). Along

stabilized by the USP-AAAinteraction (Fig.3h).Inothersubstrate-engaged
states, in which the USP domain is detached from the AAA domain, the
nucleotide-binding pocket of RPT1 s either empty or bound to ATP
(Fig. 3e, Extended Data Fig. 6j). Thus, the USP-AAA interaction ener-
getically stabilizes the ADP-bound conformation of RPT1and USP-AAA
dissociation promotes nucleotide exchange in RPT1. We postulate that
the USP-AAA interaction may allosterically promote the ATPase activity
during substrate degradation. Indeed, wild-type USP14 enhanced the
ATPaseactivity during proteasomal degradation of Ub,-Sic1™ by approx-
imately 10% relative to that of the USP14-free proteasome (Fig. 31).

To test the functional roles of the USP-AAA interfaces, we mutated
several USP14 residues at the USP-AAA interfaces to alanine. Although
none of these USP14 mutants exhibited any observable defects in the
DUB activity of USP14 or the peptidase activity of USP14-bound protea-
some (Extended Data Fig. 9¢, h), they perturbed the ATPase activity
in the presence of polyubiquitylated substrate, in line with previous
studies? #***%, Two mutants, Y285A and N383A, showed approximately
20-30% reduction of the ATPase activity to a level 10-20% below that
of the USP14-free proteasome (Fig. 31). As Tyr285 is located halfway
betweenthe primary USP-AAA and USP-OB interfaces (Fig. 3f, h), it may
be mechanically important in transmitting the allosteric effect from
USP to AAA. Both Y285A and N383A mutations potentially reduce the
overall USP association with the large AAA subdomain of RPT1 (Fig. 3i).
By contrast, the single mutant R371A enhanced the ATPase activity by
approximately 20% relative to the wild-type USP14, probably by tighten-
ing the USP-AAA interactions; whereas K375Q showed no significant
effect on the ATPase activity, probably because only the main chain
of K375 interacts with RPT1 His197 (Fig. 3j). Consistently, the double
mutant Y285A/R371Arestored the ATPase rate to the approximate level
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thesubstrate-engaged pathway (green arrows), a substrate has already been
insertedinto the ATPase ringand RPN11narrows downonthe OB ringbut does
notblock substrate translocation through the OB ring (Extended Data Fig. 7f).
Althoughour datado notintuitively explain why USP14 trims ubiquitin until the
lastoneonasubstrate remains, the structures provide geometric constraints
for polyubiquitin chain binding to both ubiquitin receptors and USP14 and
suggest that ubiquitin recognition by USP14 in the proteasome requires at least
oneadditional helper ubiquitin chain thatis already anchored onanearby
ubiquitin receptor. This helper ubiquitin chain may not be available for USP14
binding but canbe readily trimmed by RPN11.

ofthe USP14-free proteasome, presumably owing to the cancellation of
two counteracting allosteric effects between the two mutated residues
(Fig. 31). Altogether, our structure-guided mutagenesis supports the
notion that the USP-AAA interfaces mediate the non-catalytic, allos-
teric regulation of the ATPase activity in the proteasome.

Asymmetric ATP hydrolysis around ATPase ring

Thessix substrate-engaged USP14-proteasome structures characterize
adetailed intermediate sequence of substrate translocation, which
deviates substantially from the pathway of translocation initiation of
the USP14-free proteasome’® (Extended Data Figs. 5, 6). Whereas the
RP conformations of states ES;' ™ and ESSH closely resemble those of
USP14-free proteasomes in previously reported states E; and Ep,,
respectively, other substrate-engaged states of USP14-proteasome
presentdistinct, hitherto unknown RP conformations'® (Extended Data
Figs. 5d-f, 6). Of note, the AAA-ATPase conformations in states Egy'
and EpsP™ can be compared to those of USP14-free, closed-CP states E;
and E,, respectively, albeit with defined structural differences'®?
(Extended DataFig. 5d, f).In particular, the pore-1loop of RPT6 in state
EpsP™ has considerably moved up towards the substrate as compared
with thatin state E; (Extended Data Fig. 5e). Given the absence of the
E;- and Ec-like states in the presence of USP14, our structural data
together prompt the hypothesis that EJ5 ** and ESs™* may replace the
USP14-free states Egand Ec duringinitiation of substrate translocation.
Thus, we infer that these states present a continuum of USP14-altered
conformations following the state-transition sequence E%o > Eg3 >
EpSP4 > EUSP14 > EUSPL4 5 pUSPI4  EUSPL4 (Fig, 3¢, Extended Data Fig. 7i, ).
Insupportofthis sequence assignment, the RPT3 pore-1loopis moved



sequentially from the top to the bottom of the substrate-pore loop
staircase, whereas coordinated ATP hydrolysis navigates around the
ATPaseringforanear-complete cycle (Fig. 3c-f, Extended DataFig. 6a-f).

The newly resolved states fill a major gap in our understanding of
substrate translocation by the proteasomal AAA-ATPase motor. It has
remained unclear whether astrict sequential hand-over-hand mecha-
nismis used by the AAA-ATPase motor for processive substrate trans-

location®. Of note, four of the six Ey-like states—ESs' , Enor 4, ESsP*and

EpSh*—exhibit an AAA-ATPase conformation with two adjacent RPT
pore-1loops disengaged from the substrate: one moving away from
the substrate while releasing ADP for nucleotide exchange, and the
other moving up towards the substrate upon binding ATP for substrate
re-engagement (Fig. 3d-f). Recent studies of the proteasome have
found that substrate re-engagement of an ATPase subunit can be the
rate-limiting step in single-nucleotide exchange dynamics®. Coupling
of conformational changes between adjacent AAA domains may vary
fromtightly coupled kinetics—that s, only one dissociated pore-1loop
at atime—to loosely coupled kinetics exhibiting two adjacent pore-1
loops dissociated from the substrate simultaneously'®?. Thus, two
adjacent pore-1loops dissociated from the substrate represent an
inevitable intermediate in the sequential hand-over-hand model of
substrate translocation, which would be very short-lived in tightly
coupled kinetics®. Under the allosteric influence of USP14, such
kinetics can become loosely coupled around RPT1, leading to meta-
stabilization of these short-lived intermediate states. The observations
of both tightly and loosely coupled kinetics at different locations
around the ATPase ring rationalize broken symmetry of coordinated
ATP hydrolysis in the AAA-ATPase motor—an effect that has been
previously informed by functional studies®®*.

Insights into proteasome regulation by USP14

Our structural, kinetic and functional data collectively provide insights
into how USP14 regulates proteasome activity at multiple checkpoints
by inducing parallel pathways of proteasome state transitions (Fig. 4,
Extended Data Fig. 7j). The first checkpoint is at the initial ubiquitin
recognition before substrate engagement with the ATPases. USP14
assembly on the proteasome is initiated by its UBL domain binding to
the T2 site of the RPN1 toroid?* as suggested in state Ex: . Binding of
the UBL domain alone has been previously suggested to allosterically
stimulate proteasome activity>**, This is followed by a distinct associa-
tion step of its USP domain with the OB ring of the AAA-ATPase motor
in a ubiquitin-dependent manner, which allosterically activates USP14
and reciprocally stabilizes the proteasome in the substrate-inhibited
states. It appears that the USP-ATPase association is allosterically pre-
cluded at large once substrate-conjugated ubiquitinis recruited toRPN11,
as suggested by states Exs; and E{5 (Extended DataFig. 7a, b). Such a
competitionin ubiquitin recruitment forces the proteasome to bypass
the conformational transition pathway represented by USP14-free states
EzandE., whichare needed to couple RPN11-catalysed deubiquitylation
with ATP-dependent substrate engagement and translocation initia-
tion'™. Thus, the first checkpoint allows USP14 to allosterically compete
against RPN11in accepting substrate-conjugated ubiquitin.

However, the stabilization of substrate-inhibited states by USP14
activation does not completely exclude the possibility of substrate
engagement with the ATPases. Should an unfolded or loosely folded
initiation region of the substrate be available*°, substrate insertion
into the AAA-ATPase channel can stochastically occur before USP14
activation by the proteasome, which presumably depends on the spe-
cific structures of substrate-ubiquitin conjugates. In the presence of
ubiquitylated substrates, USP14 stimulates the ATPase rate, tightens
the RP-CP interface and induces early CP gate opening® *, as repre-
sentedinstatesESy *andESs’ *. Thus, USP14 creates a second kinetic
checkpointand drives the proteasometo choose between two alterna-
tive pathways of USP14-regulated conformational transitions—one

that sterically impedes substrate commitment and the other that
kinetically antagonizes RPN11 by outpacing the coupling of
RPN11-directed deubiquitylation and substrate translocation, rather
than directly inhibiting the DUB activity of RPN11. In support of this
model, all Sy-like and E,-like states of the USP14-bound proteasome
showed no ubiquitin binding to RPNI1.

Previous studies have demonstrated that USP14 trims ubiquitin
chains from the substrate on a millisecond time scale’. Consistently,
all observed USP14-bound S,-like and E-like states appear to pre-
sent USP-bound ubiquitin in a post-cleavage state, perhaps owing
to the stabilization of trimmed ubiquitin by ternary interactions of
the ubiquitin-USP-OB sandwich (Fig. 2c). The lack of observation of
ubiquitin-free USP14 in the proteasome suggests that the rate of ubiqui-
tinrelease from USP14 onthe proteasomeis slow as compared with that
of ubiquitin-free USP14 from the proteasome. Thus, it is conceivable
that the cleaved ubiquitin chain is released only upon dissociation of
the USP domain from the OB ring?*>®, Thisisin contrast to RPN11in all
the USP14-free E,-like states', which exhibit no RPN11-bound ubiquitin,
implying rapid release of cleaved ubiquitin. Therefore, USP14 creates
athird checkpoint, where the polyubiquitin-bound USP14 kinetically
delays ubiquitin release from the proteasome and suppresses addi-
tional substrate recruitment. The third checkpoint may further control
the ubiquitin-recycling function of the proteasome that is critical for
regulating the free ubiquitin reservoir in cells*.

Insummary, USP14 acts as an adaptive regulator of proteasomal DUB
and ATPase activities that times intermediate steps of substrate pro-
cessing, as USP14 bridges the gap between RPN1 and the AAA-ATPase
motorinaubiquitin-dependent, switchable fashion. USP14 interactions
create three branching checkpoints on the proteasome, at the steps of
initial ubiquitin recognition, substrate translocation initiation by the
AAA-ATPase motor, and recycling of trimmed ubiquitin chains. This
multi-checkpoint mechanism integrates catalytic and non-catalytic
effects of USP14-mediated proteasome regulation into a comprehen-
sively coordinated, elegantly timed process of substrate degradation.
As partly supported by another study on the yeast Ubp6-proteasome
interactions*?, such a mechanism is expected to be conserved from
yeast to human and to inform on how reversibly associated DUBs and
other proteinsregulate proteasome function in general (Extended Data
Fig. 9i). Importantly, our time-resolved cryo-EM studies, which had
beenenhanced by deep learning-improved 3D classification?, presentan
emerging paradigm that enables atomic-level visualization of hitherto
inaccessible functional kinetics and complex dynamics in general.
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Methods

Expression and purification of human USP14

Wild-type USP14 and its mutants were cloned into pGEX-4T vector
obtained from GenScript (Nanjing, China). For purification of recombi-
nant USP14 and mutants, BL21-CondonPlus (DE3)-RIPL cells (Shanghai
Weidi) transformed with plasmids encoding wild-type or mutant USP14
were grown to an 0D, of 0.6-0.7 in LB medium supplemented with
100 mg ml™ ampicillin. Cultures were cooled to 20 °C and induced
with 0.2 mM IPTG overnight. Cells were collected by centrifugation
at 3,000g for 15 min and resuspended in lysis buffer (25 mM Tris-HCI
(pH 8.0),150 mM NacCl, 0.2% NP-40,1 mM DTT, 10% glycerol and 1x
protease inhibitor cocktail). Cells were lysed by sonication and the
lysate was cleared through centrifugation at 20,000gfor 30 minat 4 °C.
The supernatant was incubated with glutathione Sepharose 4B resin
(GEHealthcare) for3 hat4 °C. For the purification of wild-type USP14,
USP14 UBL domain (USP14-UBL) and USP14 USP domain (USP14-USP),
the resinwas washed with 20 column volumes of washing buffer (25 mM
Tris-HCI (pH 8.0), 150 mM NaCl, 1 mM DTT, 10% glycerol), then incu-
bated with cleavage buffer (20 mM Tris-HCI (pH 8.0),150 mM NacCl)
containing thrombin (Sigma) overnight at 4 °C. The eluted samples
were further purified onagel-filtration column (Superdex 75, GE Health-
care) equilibrated with 25 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1 mM
DTT,10%glycerol. For the purification of USP14 mutants, the resin was
washed with 20 column volumes of washing buffer (25 mM Tris-HCI
(pH8.0),300 MM NaCl,1 mMDTT), thenincubated with cleavage buffer
(20 mM Tris-HCI (pH 8.0),150 mM NaCl) containing thrombin (Sigma)
overnightat4 °C. Toremove thrombin, the GST eluent was incubated
with Benzamidine-Sepharose (GE Healthcare) for 30 min at 4 °C.

Expression and purification of human 26S proteasome
Hexahistidine, TEV cleavage site, biotin and hexahistidine
(HTBH)-tagged human 26S proteasomes were affinity purified as
described® ' from a stable HEK 293 cell line (a gift from L. Huang).
Further authentication of cell lines was not performed for this study.
Mycoplasmatesting was not performed for this study. In brief, HEK 293
cells were Dounce-homogenized in a lysis buffer (50 mM PBS (77.4%
Na,HPO,, 22.6% NaH,PO,, pH7.4), 5 mM MgCl,, 5 mMATP, 0.5% NP-40,
1mMDTT and10% glycerol) containing 1x protease inhibitor cocktail.
The cleared lysates were incubated with Streptavidin Agarose resin
(Yeasen) for 3 h at 4 °C. The resin was washed with 20 bed volumes of
lysis buffer to remove endogenous USP14 and UCH37 associated with
the proteasome™®. The 26S proteasomes were cleaved from the beads
by TEV protease (Invitrogen) and further purified by gel filtrationona
Superose 610/300 GL column. Westernblot was used to detect RPN13
and USP14 in the proteasomes using anti-RPN13 antibody (Abcam,
1:10,000 dilution) and anti-USP14 antibody (Novus, 1:1,000 dilution).
For ubiquitin-vinyl-sulfone (Ub-VS)-treated human proteasome, 1 pM
Ub-VS (Boston Biochem) was added to the proteasome-binding resin
andincubated for2 hat30 °C. Residual Ub-VS was removed by washing
the beads with 30 bed volumes of wash buffer (50 mM Tris-HCI (pH7.5),
1 mM MgCl, and 1 mM ATP). The proteasomes were cleaved from the
beads using TEV protease (Invitrogen) and used to measure the DUB
activity of USP14 using the Ub-AMC hydrolysis assay.

Preparation of polyubiquitylated Sic1™

Sic1”Yand WW-HECT were purified as previously described™. The PY
motif (Pro-Pro-Pro-Tyr) is recognized by the WW domains of the Rsp5
family of E3 ligases. In the Sic1™ construct, a PY motif was inserted to
the N-terminal segment (MTPSTPPSRGTRYLA) of the Cdk inhibitor
Sicl, resulting in amodified N terminus of MTPSTPPPPYSRGTRYLA*#*
(the PY motifis underlined). Human UBE1 (plasmid obtained as a gift
from C. Tang) and human UBCHS5A (obtained from GenScript) were
expressed as GST fusion proteins from pGEX-4T vectors. In brief,
UBE1-expressing BL21-CondonPlus (DE3)-RIPL cell cultures were

induced with 0.2 mM IPTG for 20 h at 16 °C, whereas UBCHS5A expres-
sion was induced with 0.2 mM IPTG overnight at 18 °C. Cells were col-
lected in lysis buffer (25 mM Tris-HCI (pH 7.5), 150 mM NacCl, 10 mM
MgCl,, 0.2% Triton-X-100,1 mM DTT) containing 1x protease inhibitor
cocktail and lysed by sonication. The cleared lysates were incubated
with glutathione Sepharose 4B resin for 3 h at 4 °C and subsequently
washed with 20 bed volumes of lysis buffer. The GST tag was removed
by thrombin protease (Sigma) in cleavage buffer (20 mM Tris-HCI
(pH 8.0), 150 mM NaCl, ImM DTT) overnight at 4 °C. The eluted sam-
ples were further purified by gel-filtration column (Superdex 75,
GE Healthcare) equilibrated with 25 mM Tris-HCI (pH 7.5), 150 mM Nacl,
1mMDTT, 10% glycerol.

To ubiquitylate Sic1™, 1.2 pM Sic1™, 0.5 pM UBE1, 2 uM UBCHS5A,
1.4 pM WW-HECT and 1 mg ml™ ubiquitin (Boston Biochem) were
incubated in reaction buffer (50 mM Tris-HCI (pH 7.5), 100 mM Nacl,
10 mM MgCl,, 2 mM ATP, 1mM DTT and 10% glycerol) for 2 h at room
temperature. His-tagged Sicl’¥ conjugates (polyubiquitylated Sic1™,
Ub,-Sic1™) were purified by incubating with Ni-NTA resin (Qiagen) at
4 °Cfor1h. Afterwards the resin was washed with 20 column volumes of
the wash buffer (50 mM Tris-HCI (pH 7.5),100 mM NaCl, 10% glycerol).
The Ub,-Sic1™ was eluted with the same buffer containing 150 mM
imidazole, and finally exchanged to the storage buffer (50 mM Tris-HCI
(pH 7.5),100 mM NaCl, 10% glycerol) using an Amicon ultrafiltration
device with 30K molecular cut-off (Millipore).

Expression and purification of human RPN13

To purify humanRPN13, pGEX-4T-RPN13-transformed BL21-CondonPlus
(DE3)-RIPL cells were cultured to an OD,, of 0.6 and then induced by
0.2 mMIPTG for 20 h at 16 °C. Cells were resuspended in lysis buffer
(25 mM Tris-HCI (pH 7.5),300 mM NaCl,1 mM EDTA, 0.2% Triton-X-100,
1mMDTT) containing 1x protease inhibitor cocktail and lysed by sonica-
tion. A20,000g supernatant was incubated with glutathione Sepharose
4B resin (GE Healthcare) for 3 h at 4 °C. The resin was washed with 20
column volumes of washing buffer (25 mM Tris-HCI (pH 8.0),150 mM
NaCl,1mM DTT, 10% glycerol) and 10 column volumes of cleavage
buffer 20 mM Tris-HCI (pH 8.0),150 mM NaCl). The GST tag was cleaved
by incubating with thrombin (Sigma) overnight at 4 °C. The eluted
samples were further purified by gel-filtration column (Superdex 75,
GE Healthcare) equilibrated with 25 mM Tris-HCI (pH 8.0), 150 mM
NaCl,1mM DTT, 10% glycerol.

Invitro degradation assay

Purified human proteasomes (-30 nM) were incubated with RPN13
(-300 nM), Ub,-Sic1” (-300 nM) in degradation buffer (50 mM Tris-HCI
(pH 7.5), 5 mM MgCl, and 5 mM ATP) at 37 °C. Purified recombinant
USP14 variants (~1.2 pM) were incubated with proteasome for 20 min
at room temperature before initiating the degradation reaction. The
reaction mixtures were incubated at 37 °C for 0, 0.5, 1.0 and 2.0 min,
or10°Cfor0,0.5,1.0,5.0,10 and 30 min, then terminated by adding
SDS loading buffer and subsequently analysed by western blot using
anti-T7 antibody (Abcam, 1:1,000 dilution), which was used to examine
fusion protein T7-Sic1".

Ubiquitin-AMC hydrolysis assay

Ubiquitin—-AMC (Ub-AMC; Boston Biochem) hydrolysis assay was used
to quantify the deubiquitylating activity of wild-type and mutant USP14
inthe human proteasome. The reactions were performed in reaction
buffer (50 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 1mMATP,1 mMDTT,1mM
EDTA and 1 mg mI™ ovalbumin (Diamond)), containing 1 nM Ub-VS-
treated proteasome, 0.2 uM USP14 variantsand 10 nMRPN13. Thereac-
tion was initiated by adding 1 uM Ub-AMC. Ub-AMC hydrolysis was
measured in a Varioskan Flash spectral scanning multimode reader
(Thermo Fisher) by monitoring anincrease of fluorescence excitation at
345 nmwithanemission at445 nm. For free USP14 activity, the reaction
was performed using 1 uM USP14 variants and 1 uyM Ub-AMC (BioVision).
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ATPase activity assay

ATPase activity was quantified using malachite green phosphate assay
kits (Sigma). Human proteasomes (30 nM), RPN13 (300 nM) and USP14
variants (1.2 pM) were incubated in assembly buffer (50 mM Tris-HCI
(pH7.5),5 mMMgCl,and 0.5 mM ATP) for 20 min at room temperature.
Ub,-Sic1” (300 nM) was subsequently added, and the sample was incu-
bated for 1 minat 37 °C. The reaction mixtures were mixed with mala-
chite green buffers as described by the manufacturer (Sigma). After
30 min of room temperature incubation, the absorbance at 620 nm
was determined using a Varioskan Flash spectral scanning multimode
reader (Thermo Fisher).

Peptidase activity assay

Peptide hydrolysis by the human proteasomes was measured using
fluorogenic substrate Suc-LLVY-AMC (MCE). Human proteasomes
(1nM) were incubated with USP14 variants (1 uM) in buffer (50 mM
Tris-HCI (pH7.5),100 mMKCI, 0.5 mM MgCl,, 0.1 mM ATPand 25 ng pl™
BSA) for 20 minatroom temperature.10 pM Suc-LLVY-AMC was added
to the reaction mixture, which was incubated for 30 min at 37 °Cin
the dark. Peptide activity was measured in a Varioskan Flash spectral
scanning multimode reader (Thermo Fisher) by excitation at 380 nm
with an emission at 460 nm.

Microscale thermophoresis

The human proteasomes were labelled with red fluorescent dye
NT-650-NHS using the Monolith NT Protein Labeling Kit (NanoTem-
per). After labelling, excess dye was removed by applying the sample
on column B (provided in the kit) equilibrated with reaction buffer
(50 mM Tris-HCI (pH 7.5), 5 mM MgCl, and 1 mM ATP). 0.05% Tween-
20 was added to the sample before MST measurements. For interac-
tion of NT-650-NHS-labelled proteasomes with USP14, USP14-UBL or
USP14-USP, concentration series of USP14, USP14-UBL or USP14-USP
were prepared using a 1:1serial dilution of protein in reaction buffer
containing 0.05% Tween-20. The range of USP14, USP14-UBL or
USP14-USP concentration used began at 8 uM, with 16 serial dilution
in10-pl aliquots. The interaction was initiated by the addition of 10 pl
of 30 nMNT-650-NHS-labelled proteasomes to each reaction mixture
and measured by Monolith NT.115 (NanoTemper) at 20% LED excitation
power and 40% MST power. To evaluate the effect of Ub,,-Sic1”Y on the
interaction of USP14 with the proteasome, 30 nM Ub,-Sic1” was added
tothe reaction mixture. Data were analysed using MO Control software
provided by NanoTemper.

Cryo-EM sample preparation

To prepare cryo-EM samples, all purified proteins were exchanged to
imaging buffer (50 mM Tris-HCI (pH 7.5), 5 mM MgCl, and 1 mM ATP).
Human proteasomes (1 pM) were incubated with 10 uM RPN13,10 uM
USP14 inimaging buffer (50 mM Tris-HCI (pH 7.5), 5 mM MgCl, and
1mM ATP) for 20 min at 30 °C, then cooled to 10 °C.10 puM Ub,-Sic1®
was added to the mixture and incubated at 10 °C for 0.5,1,5and 10 min.
0.005% NP-40 was added to the reaction mixture immediately before
cryo-plunging. Cryo-grids made without the addition of substrate cor-
responded to the condition of 0 min of reaction time and were used as
abaseline control for time-resolved analysis (Fig. 1e). For ATP-to-ATPYS
exchange and ATPase quenching, after the reaction mixture wasincu-
batedat10 °Cfor1min,1 mM ATPySwas added to the reaction mixture
atonce, and incubated for another 1 min, then NP-40 was added to
the mixture to a final concentration of 0.005% before cryo-plunging.

Cryo-EM data collection

Thecryo-grids wereinitially screenedina200 kV Tecnai Arcticamicro-
scope (Thermo Fisher). Good-quality grids were then transferred to
a300 kV Titan Krios G2 microscope (Thermo Fisher) equipped with
the post-column BioQuantum energy filter (Gatan) connected toaK2

Summit direct electron detector (Gatan). Coma-free alignment and
parallelillumination were manually optimized prior to each data collec-
tionsession. Cryo-EM datawere acquired automatically using SerialEM
software* in asuper-resolution counting mode with 20 eV energy slit,
with the nominal defocus set in the range of 0.8 to —2.0 um. A total
exposure time of 10 s with 250 ms per frame resulted in a 40-frame
movie per exposure with an accumulated dose of -50 electrons per A2,
The calibrated physical pixel size and the super-resolution pixel size
were 1.37 A and 0.685 A, respectively. For time-resolved sample con-
ditions, 1,781, 2,298,15,841, 2,073 and 2,071 movies were collected
for cryo-grids made with the reaction time of 0, 0.5, 1, 5, and 10 min,
respectively. For the condition of exchanging ATP to ATPyS at 1 min
after substrate addition, 21,129 movies were collected.

Reference structures

Comparisonsto protein structures from previous publications used the
atomic models in the PDB under accession codes: 2AYN (USP domain
of USP14 in its isolated form®), 2AYO (USP domain of USP14 bound to
ubiquitin aldehyde®), 6MSB (state E,, of substrate-engaged human
proteasome'®), 6MSD (state E,,), 6MSE (state E;), 6MSG (state E,), 6MS)
(state Ep,;), 6MSK (state E,), SVFT (state S of substrate-free human
proteasome®®), 5VFU (state S.), SVFP (state Sp;) and 5VFR (state Sp;).
Cryo-EM maps from previous publications used in comparison are avail-
able from EMDB under access codes EMD-9511 (USP14-UbAI-bound
proteasome®), EMD-3537 (Ubpé-bound proteasome map*) and EMD-
2995 (Ubp6-UbVS-bound proteasome?).

Cryo-EM data processing
Drift correction and dose weighting were performed using the
MotionCor2 program*® at a super-resolution pixel size of 0.685 A.
Drift-corrected micrographs were used for the determination of the
micrograph CTF parameters with the Getf program®. Particles were
automatically picked on micrographs that were fourfold binned to
a pixel size of 2.74 A using an improved version of the DeepEM pro-
gram*®. Micrographs screening and auto-picked particles checking were
both preformed in the EMAN2 software®. A total of 213,901,106,564,
1,494,869, 212,685,141,257 and 1,387,530 particles were picked for the
0 min, 0.5 min, 1 min, 5min, 10 min and ATPyS datasets, respectively.
Reference-free 2D classification and 3D classification were carried
out in software packages RELION* version 3.1 and ROME®, Focused
3D classification, CTF and aberration refinement, and high-resolution
auto-refinement were mainly done with RELION 3.1, whereas the
AlphaCryo4D software? was used to analyse the conformational
changes and conduct thein-depth 3D classification for time-resolved
analysis. Particle subtraction and re-centering were performed using
RELION 3.1 and SPIDER® software. We applied a hierarchical 3D clas-
sification strategy to analyse the data (Extended Data Fig. 2), which
were optimized as previously described™. The entire data-processing
procedure consisted of five steps. Datasets of different conditions were
processed separately at steps 1and 2 and combined at steps 3 and 4.
Step 1: doubly capped proteasome particles were separated from
singly capped ones through several rounds of 2D and 3D classification.
These particles were aligned to the consensus models of the doubly and
singly capped proteasome to obtain their approximate shift and angu-
lar parameters. With these parameters, each doubly capped particle
was split into two pseudo-singly capped particles by re-centring the
box onto the RP-CP subcomplex. Then the box sizes of pseudo-singly
capped particles and true singly capped particles were both shrunk
to 640 x 640 pixels with a pixel size of 0.685 A, and down-sampled by
two-fold to a pixel size of 1.37 A for the following processing. A total
of 3,429,154 particles from all datasets were obtained after this step.
Step 2: particles were aligned to the CP subcomplex through
auto-refinement, followed by one round of CTF refinement to correct
optical aberration (up to the fourth order), magnification anisotropy,
and per-particle defocus together with per-particle astigmatism. After



another run of the CP-masked auto-refinement, analignment-skipped
RP-masked 3D classification was performed to separate the S,-like
states from the Sy-like states. Poor 3D classes showing broken 26S
proteasome were removed for further analysis at this step. The RP
subcomplex of the Sy-like states rotated by a large angle compared
to the S,-like states, and only in S,-like states was the USP domain of
USP14 observed to bind the OB ring of the proteasome. There were
1,774,110 particles in total in S,-like states and 1,360,329 particles in
totalin Sy-like states in all datasets after this step.

Step 3: considering the particle number of some datasets were not
enough to ensure high accuracy of independent 3D classification, in
the following procedure we pooled particles together from all data-
sets except for the O-min condition, in which the substrate was not
yet added into the reaction system. For the Sy-like state, CP-masked
auto-refinement was performed, followed with two rounds of
CTF refinement and another run of CP-masked auto-refinement.
Alignment-skipped RP-masked 3D classification was then performed,
while conformational changes were analysed using AlphaCryo4D%,
which yielded three clusters, designated Sg-like, Sp-like, and E,-like
states. These names were correspondingly referred to their similar
states in previously published studies®®. The S,-like particles were
processed inthe same way, resulting in a cluster named E,-like state; bad
classes showed blurred densitiesin RPN10 and part of thelid. The 0-min
dataset was processed independently for the lack of substrate, resulting
inthree classes, namedS,-like (92.8%), Sy-like (4.3%) and Sy-like (3.0%).

Step 4: particles in different clusters were individually refined with
the CP masked. The CP density was then subtracted, and the particle
boxwasrecentred to the RPsubcomplex and shrunk to 240 x 240 pix-
els, with a pixel size of 1.37 A. For each cluster, the CP-subtracted par-
ticles were subjected to several rounds of RP-masked
auto-refinement and alignment-skipped RP-masked 3D classification
followed by AlphaCryo4D analysis?, finally resulting in thirteen major

conformational states of the USP14-bound proteasome, named EY5L,
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and ESSP, For state EY2L, particles with blurred RPN1were excluded for
final high-resolution reconstruction. For state Eg3h¢, particles with
blurred RPN2 were excluded for final high-resolution reconstruction.
These states exhibit remarkable conformational changes of the AAA
ring and the full RP, as well as the interactions of the RP and USP14.
Time-resolved analysis of conformational changes and comparisonin
the presence and absence of ATPyS were both done after this step, by
simply separating the particles for each state based on their time labels.
Namely, the proportion of particles of each state at a given time point
was obtained by summing up the number of particles for each state at
the same time point and then calculating the fraction of particles of
each state with respect to the total number of particles at this time
point®***, Similarly, final analysis of state percentage for the
ATP-to-ATPyS exchange condition was done by counting the particles
of each state under this condition, with the particles of each state used
for separate refinement, reconstruction and comparison with those
under ATP-only conditions (Extended Data Figs. 2c, 5a, 6i).

Final refinement of each state was performed using pseudo-singly
capped particles with the pixel size of 1.37 A. Two types of local mask
were applied for the auto-refinement, one focusing on the complete RP
andthe other focusing on the CP, resulting in two maps for each state,
which were merged in Fourier space into one single map. Based onthe
in-plane shift and Euler angle of each particle from the auto-refinement,
wereconstructed the two half-maps of each state using pseudo-singly
capped particles with the pixel size of 0.685 A. The Fourier shell correla-
tion (FSC) curves of thirteen states were calculated from two separately
refined half mapsinagold-standard procedure, yielding the nominal
resolution ranging from3.0t03.6 A, and the local RP resolution ranging
from3.3t04.6 A (Extended Data Figs. 2a, 3b—d). Before visualization, all
density maps were sharpened by applying a negative B-factor ranging
from -10 to -50 A2,

In order to further improve the local density quality of USP14 and
RPN1, which suffered from local conformational dynamics, another
round of RP-masked 3D classification was done using CP-subtracted
particles for some states to exclude 3D classes withblurred USP14 and
RPN1. These locally improved maps were only used for visualization
and adjustment of atomic models of USP14 and RPNL. For states E45L,
EX5% and E55, 3D classes with unblurred RPN1 and especially visible
UBLonthe RPN1T2site (including 152,802, 66,966 and 61,930 particles,
respectively) were selected and refined by applying a mask on the
RPNI1-UBL component. The resulting RPN1-UBL density in these states
were compared with previously reported E,, state (Extended Data
Fig. 7e). For states Egg * and ES5'24, 3D classes with unblurred RPN1
density (including 61,447 and 53,145 particles, respectively) were
selected and refined to 4.1and 4.2 A for the RP, respectively. For state
SESPI4 ELSPI* and ERST, 3D classes with improved USP14 densities
(including 34,659, 54,642,142,814 particles, respectively) were selected
and refined to 4.5, 4.2 and 3.8 A for the RP component, respectively,
for better visualization of the full-length USP14 in the proteasome.

Atomic model building and refinement

Atomic model building was based on the previously published cryo-EM
structures of the human proteasome’®. For the CP subcomplex, initial
models of the closed-gate CP and open-gate CP were respectively
derived fromthe E,; model (PDB 6MSB) and the E;,, model (PDB 6MSK).
For the RP subcomplex, the previous E;, model was used as an initial
model. All subunits of the initial model were individually fitted as a
rigid body into each of the reconstructed maps with UCSF Chimera®,
followed by further adjustment of the main chain traces using Coot*®.
Initialmodel of the full-length USP14 was first derived from a predicted
one by AlphaFold”, which was verified by comparing to a crystal struc-
ture’ (PDB 2AYO). The USP14 model was then merged with the initial
proteasome model by independently fitting models of the USP14 UBL
and USP domains asrigid bodiesinto the cryo-EM maps, and manually
fitting the linker between the UBL and USP domains in Coot®. Despite
the presence of RPN13 in our purified proteasome (Extended Data
Fig.1g) and the addition of excessive RPN13 to saturate the proteasome,
no reliable density was observed for RPN13 in all cryo-EM maps, thus
precluding the atomic modelling of RPN13 and likely reflecting its highly
dynamic association with the proteasome. The atomic models of
subunit SEM1and the N terminus of subunit RPN5 fitted into their cor-
respondinglocal densities of lower resolution were rebuilt by consid-
ering the prediction of AlphaFold”. The atomic model of USP14 was
first rebuilt and refined against the map of state Es* with improved
local USP14 density, the resulting model of which was then used as
starting USP14 models to fit into the USP14 densities in other states.
Forsome structures with partially blurred or missing subunit densities,
the atomic models were revised by removing these regions, for exam-
ple, the UBL domain of USP14 was removed in the models of E53’ **and
ShP™. Given that the substrates were not stalled in a homogeneous
location during their degradation and that substrate translocation
through the proteasome is not sequence-specific, the substrate densi-
ties were modelled using polypeptide chains without assignment of

amino acid sequence. For states EXo-, EXab, EXoL, Eber ™, EneP ™, NS4,

ESSP* and ESST, the nucleotide densities are of sufficient quality for
differentiating ADP from ATP, which enabled us to build the atomic
models of ADP and ATP into their densities (Extended Data Fig. 6j). For
other states with the local RP resolution worse than 4.0 A, the nucleo-
tide types or states were hypothetically inferred from their adjacent
states at higher resolution with the closest structural similarity, based
on the local densities, the openness of corresponding nucleotide-
binding pockets as well as their homologous structural models of higher
resolution if available.

After manually rebuilding, atomic models were all subjected to the
real-space refinement in Phenix*®. Both stimulated annealing and global
minimization were applied with non-crystallographic symmetry (NCS),
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rotamer and Ramachandran constraints. Partial rebuilding, model cor-
rection and density-fitting improvement in Coot>® were then iterated
after each round of atomic model refinement in Phenix*®. The refine-
ment and rebuilding cycle were often repeated for three rounds or
until the model quality reached expectation (Extended Data Table 1).

Structural analysis and visualization

Allstructures were analysed in Coot*®, PyMOL%, UCSF Chimera®, and
ChimeraX®.Inter-subunit interactions and interfacial areas were com-
puted and analysed using the PISA server® (https://www.ebi.ac.uk/
pdbe/prot_int/pistart.html). Local resolution variations were estimated
using ResMap®?. Figures of structures were plotted in PyMOL%, Chime-
raX®, or Coot*. Structural alignment and comparison were performed
in PyMOL** and ChimeraX*°.

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized, and investigators were not blinded
to allocation during experiments and outcome assessment.

Statistical analysis

Statistical analyses of mutagenesis data were performed using
two-tailed unpaired ¢t-tests with SPSS v.27.0 unless otherwise indicated.
Statistical significance was assessed with a 95% confidence interval and
aPvalue of < 0.05 was considered significant.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Cryo-EM density maps of USP14-proteasome complexes resolved in
this study have been deposited in the Electron Microscopy Data Bank
(EMDB) (www.emdataresource.org) under accession codes EMD-32272
(ESBL), EMD-32273 (EX5L), EMD-32274 (EY5%), EMD-32275 (Ep3 ), EMD-
32276 (E53™), EMD-32277 (ESy’™), EMD-32278 (E5:F™), EMD-32279
(ES3F), EMD-32280 (Ep3h*), EMD-32281 (S5°F*), EMD-32282 (S&F),
EMD-32283 (SB3 ), EMD-32284 (Sps***), EMD-32285 (EXs  with the local
RPNI1density improved), EMD-32286 (EX55 with the local RPN1 density
improved), EMD-32287 (EX5. with the local RPN1 density improved),
EMD-32288 (E53 “with the USP14 density improved), EMD-32289 (EgsF ™
with the RPN1 density improved), EMD-32290 (E55%* with the RPN1
density improved), EMD-32291 (Eb5*with the USP14 density improved)
and EMD-32292 (S&5P1* with the USP14 density improved). The corre-
sponding coordinates have been deposited in the Protein Data Bank
(PDB) (https://www.pdb.org) under accession codes 7W37 (E42), 7W38
(ERBL), 7W39 (ERBL), 7W3A (ENST), 7W3B (EpsT™), 7W3C (EUS"“) 7W3F
(ESs™), 7W3G (Ep5at), 7W3H (ESSTH), 7W3I (sgs"“), 7W3J (sgs*’“), 7W3K
(SUSP“) and 7W3M (S557#). Uncropped versions of all gels and blots are
providedinSupplementary Fig.1. Allother data are available fromthe
corresponding author upon reasonable request. Source data are pro-
vided with this paper.
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Extended DataFig.1|See next page for caption.
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Extended DataFig.1|Protein purification and cryo-EMimaging.a, The
human 26S proteasome was purified through gel-filtration column (Superose 6
10/300 GL). b, Native gel analysis of the human 26S proteasome from (a).

¢, FPLC purification of human USP14 on Superdex 7510/300 GL column.

d-f, SDS-PAGE and Coomassie blue stain analysis of purified USP14 (d), Sic1™,
UBEL UBCH5A, WW-HECT, human RPN13 (e), USP14 UBL and USP domains (f).
gand h, Westernblot was used to evaluate the content of RPN13 (g) and USP14
(h)inthe purified human proteasomes. Theresults indicate the presence of
RPN13andthe absence of USP14 in the purified human 26S proteasome.

i, Westernblot was used to verify polyubiquitylation of Sic1?¥ (Ub ,-Sic1™) using
anti-T7 antibody, indicating that most Sic1™ was ubiquitylated.j, Invitro
degradation of Ub,,-Sic1™ by the purified 26S proteasome at 10 °Cin the
absence and presence of USP14. The concentration and ratio of each
component was same as cryo-EM sample preparation. The experiments were
repeated three times. Samplesin (i) and (j) were analyzed by SDS-PAGE/
Westernblot using anti-T7 antibody. W/O, the proteasome without binding to
USP14. WT, the wildtype USP14-bound proteasome. k, Kinetics of Ub ,-Sic1™”
degradation was plotted by measuring Ub,,-Sic1” density in (j) using Image)
software. Each pointisrepresentative of threeindependent experiments. Data

arepresented asmean+s.d.l-o0, MST analysis of USP14 binding to the human
proteasome. Adissociation constant of 94.6 + 27.1nM (I, full-length USP14 in
theabsence of Ub,-Sic1™),137 + 33.4 nM (m, USP14 UBL domain only),
135+22.9 nM (n, USP14 USP domain only) and 43.9 + 24.7 nM (o, full-length
USP14 inthe presence of Ub,-Sic1”) were calculated from three independent
experiments (shownasmean+s.d.). pand q, Typical motion-corrected cryo-
EMmicrographs (left) of the substrate-engaged human USP14-proteasome
complexinthe presence of 1mM ATP (p) or after ATP-to-ATPyS exchange

(q). Power spectrum evaluation of the corresponding micrographs are shown
ontheright. The exact numbers of micrographs collected under different
experimental conditions are provided in Extended DataFig. 2a. Each
experiment was repeated independently at least five times with similar results.
r, Comparison of percent population of each conformational state inthe
presence of 1mM ATP or ATP-to-ATPyS exchange in1 min after mixing the
substrate with the USP14-bound proteasome. Our cryo-EM analysis suggests
that ATP-to-ATPyS exchange enriches states S5y, SESF, SHsPH EpSP4 EUSFI4 and
Epi™, butreducesstatesEget, ESSs, Sy>F* and Ep3R*. The particle numbers used
toderive this plotare providedin Extended DataFig. 2c. For gel source data, see
Supplementary Fig. 1.
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Extended DataFig.2|Cryo-EM data processing workflow and
time-resolved analysis. a, The workflow diagramillustrates the major steps of
our focused 3D classification strategy for cryo-EM data analysis. Particle
numbers after 3D classification and final reconstruction and the resolutions of
the complete RP-CP and RP-masked reconstructions of each state are labelled.

b, 3D classification of the dataset corresponding to O minute before substrate
addition as an overall control. ¢, Time-resolved analysis of all states by
restoring the time label (for the buffer condition with1 mM ATP) or ATPYS label
(for the condition with ATP-to-ATPyS exchange). The percentages were
computed using the total particle number corresponding to a given time point.
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Extended DataFig.3|Cryo-EMreconstructions and resolution
measurement. a, Local resolution estimation of the RP reconstructions of
thirteenstates calculated by ResMap®. Each state is shown in two orthogonal
orientations, with the second orientation (top view) shown in two different
cross-sections atthe AAA (middle row) and OB (lower row) domains. Alllocal
resolutions are shown with the same color barintheupperrightinset.band
¢, Gold-standard Fourier shell correlation (FSC) plots of the complete RP-CP
maps of all states calculated without (b) or with (c) masking the separately
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refined half-maps. d, Gold-standard FSC plots of the RP-masked
reconstructions of all states. The RP maps were refined by focusing the mask on
the RP subcomplex. e, Model-map FSC plots calculated by Phenix*® between
each RP-CP map (masked) and its corresponding atomic model. For each state,
separately refined RP and CP maps (using RP and CP masks, respectively) were
merged in Fourier space into asingle RP-CP map, which was used for the
model-map FSC calculation. The same color codeisusedin (b-e).
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Extended DataFig. 5|Structural comparison of the proteasome under
distinct conditions. a, Comparison of cryo-EM reconstructions of the thirteen
states of USP14-proteasome complex from the conditions of includingl mM
ATP (ATP-only, no ATPyS inthe degradation buffer) (orange) and with ATP-to-
ATPyS exchange at 1 min after substrate addition (blue). Particle number and
theRPresolution for each class arelabelled below each panel of structural
comparison. Theresults show that consistent features of the same states were
obtained from the two conditions, although the N-terminal densities of RPN5
areslightly stronger under the condition with ATP-to-ATPyS exchange.

b, Comparison ofthe three major states at 0 min (before substrate addition and
after USP14 was bound to the proteasome) with those after the substrate was
mixed with the USP14-proteasome complex. For visual clarity, allmaps were
low-passfiltered to 8 A. ¢, Comparison of state Sy with the USP14-UbAI-
bound proteasome map EMD-9511 (panel 1)* and of state Ep5* with the Ubp6-
bound proteasome map EMD-3537 (panel 2)** and Ubp6-UbVS-bound
proteasome map EMD-2995 (panel 3)*. Due to the low-resolution nature of the
previously published maps, the cryo-EM maps of states Sy >"** and Eg57* were
low-pass filtered to 8 A for the visual clarity of comparison.d, Structural

comparison of state Ejy * with state E; (6MSE) suggests that they have
comparable ATPase conformations with defined differencesin RPT6 (shownin
panele), whereas the lid subcomplexes arein very different conformations
with large rotations. e, Structural comparison of RPT6 in statesEp; *and E;
shows that the RPT6 pore-1loop, highlighted by transparent sphere
representation of Phe223, ismoved about 7.2 Atoward the substrate in state
EpsP* relative to state Ey. The right panel show the two RPT6 structures
superimposed after aligning the entire ATPase motor subcomplex structures
together (asshownintheright of paneld).f, Comparison of the RPand ATPase
structuresin different states and previously published cryo-EM structures®°.
Thesestructuresarealigned together against their CPs. Each pair of compared
structures are shownintwo orthogonal orientations, with the root-mean-
squared-deviation (RMSD) values for the ATPase components shown below
each panel of structural comparison. Previous USP14-free structures (PDBID)
used for the comparisoninclude substrate-free states Sy (SVFT),Sc (SVFU), Sy,
(SVFP),Sp; (SVFR) and substrate-bound states E,, (6MSB), E ., (6MSD), E; (6MSE),
Ec, (6MSG), Ep, (6MS)), and E,,, (6MSK).
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Extended DataFig. 6 | Substrate interactions with the poreloopsinthe
AAA-ATPase motor, the RP-CPinterfaces and the nucleotide densitiesin
different USP14-bound states. a-f, Cryo-EM densities of the ATPase motor
boundtothesubstrate. Substrate densities are colored inred. Rightinsets
show thezoomed-inside views of the substrate interacting with the pore loops
ofthe ATPases. The substratein each stateis modelled asapolypeptide
backbonestructureandis represented with red sticks. The ATPases and
substrates are rendered as surface (left) and mesh (right) representations.

g, Top views of the ATPase motor structures of all states not shown in the main
figure are shownin cartoon representations. Nucleotides are shownin sphere
representations. The sphere representations of ADPand ATP are inblue and in
red, respectively. The structures are aligned together against their CP
components. Top right, color codes of subunits used inall panels.

h, Comparisonofthe RP-CPinterface and RPT C-terminal tail insertionsinto
the a-pockets of the CPin different states. The cryo-EM densities of the CP
subcomplexes are shown as grey surface representations, while the RPT C-tails
arecoloredintealblue. i, Comparison of the nucleotide densities in the cryo-

EMreconstructions of USP14-bound proteasome under two different
nucleotide conditions. The side-by-side comparison of the nucleotide
densitiesintwo best resolved states show that the ATP-to-ATPyS exchange did
notchange the observed nucleotide states under our experimental conditions
relative to thatonly used 1mM ATPin the degradation buffer. j, Comparison of
the nucleotide densities in thirteen distinct states of UBP14-bound
proteasome. The nucleotide densities fitted with atomic models are shownin
blue meshrepresentation. All close-up views were directly screen-copied from
Coot after atomic modelling into the density maps without modification. At
the contour level commonly used for atomic modelling, the potential
nucleotide densitiesin the apo-like subunits mostly disappear, although they
canoccasionally appear as partial nucleotide shapes at amuchlower contour
level. The states with limited local resolutions are hypothetically assigned for
nucleotide types based on the densities, the openness of corresponding
nucleotide-binding pockets as well as their homologous structural models of
higher resolution fromstates with similar conformations.



6MSE (E,)
Ubiquitin

Ubiquitin
“) C ternimus

Four-stranded
B-sheet

usera useis
ms, ms,,

useis users useis
u SC u SDS L ED21

RPN11 moves outward

Ay
e
? <
E,, " (color) vs. E,, " (grey) E,,,U5"" (color) vs. 6MSE(E,, grey) E,,"5" (color) vs. S, UsP* (grey) Es"SP* (color) vs. S,U"" (grey)

RMSD =0.708 A RMSD =2.012 A RMSD = 2.564 A RMSD =1.753 A

Open substrate Blocked substrate Substrate
entrance in E,-like states entrance in S -like states

USP14 USP14 USP14 UsP14
Ep, D5 Epo Epy D2 Epza
h i RMSD between ATPase structures (1A0) j
—8— RPT1-Y249 —&— RPT2-Y259 —¥% RPT6-F223 E, s States of closed CP gate States of open CP gate
Ubiquiti Deubiquitylati Translocatic P
604 —* RPT3Y239 —e RPT4Y207 — RPT5F260 £ us rcogon oy RENT i e i €
— "A2.0
€ Eu‘ual _‘_._.‘_._‘ %
o
S 50+ 87 : : : : il
£ S UsPi4 f ! Processive translocation into CP | f %
g © ¥
2 S, Uspia 3
o 401 D4
<3
§ Sy UsF 5 —
‘06) E,, UsP1 § i
| |
2 30 E_UsPi4 f f
8 05 E i
o EDDUSPN \\\ i H }
20 T T T T T T T E_UsPi4 2
& & ¢ 4,@ 4,@ 4,@ 4,3 . D‘Us?u J Ly 4 §
RS S NS N N N 020 £
Q/v'l' Q,Y’l’ o &0 60"‘ 60‘3 E_ uspia 2
021 0
2 g ¥ ¥ ¥ ¥ ¥ % Z B
g Tz &z & & & & 3
=g g8 8 8 8 8 % & 8
BTV R T ST 88

Extended DataFig.7|See next page for caption.



Extended DataFig.7|Structural comparison of the USP14-bound
proteasome of different states. a, Structural comparison of statesEX;+, Eqso
andER5, shows the ubiquitin transfer from the RPT4-RPTS5 coiled-coil (CC)
domaintoRPN11. The cryo-EM densitiesrendered as grey mesh
representations are low-pass-filtered to 8 A for visual clarity of comparison.

b, Structural comparison of ubiquitin-RPN11-RPT5 interaction instate Eys and
EY5L. Cryo-EM densities rendered transparent surfaces are superimposed with
the atomic models. The overall conformation of EX35 resides between ESs-and
EYSL. Both statesESSy and EXs; exhibited RPN11-bound ubiquitinand no
substrate densitiesinthe AAA-ATPase motor. Ashort stretch of ubiquitin-
linked substrate density isbound to the cleft between RPN11and the OB ringin
EXS, butnot EXSh. Inboth states, the RPT5 N-loop (residues 99-119) pairs with
oneside of the Insert-1f-hairpin of RPN11, the other side of which is paired with
the C terminus of ubiquitin. They together form a four-stranded B-sheet, a
feature that was previously visualized at atomic level only in state E; of the
USP14-free proteasome'. ¢, Structural comparison of the RP and ATPase
betweenEYs5 andERs; and betweenEs5 and E; (PDB ID 6MSE). d, Structural
comparison of the RP and ATPase betweenEbs * and S35 # and between Egs™™*
and SPs"*. The root-mean-squared-deviation (RMSD) values for the ATPase
components are shown below each panel of structural comparisonin (c) and
(d). e, Binding of UBL of USP14 to the T2 site of RPN1in state Ext"as compared
to the binding of ubiquitin to RPN1in USP14-free state E,, from previous
studies'. Rightinset shows the cryo-EM density of UBL-bound RPN1in EYSt,
f,Comparison ofthe RPN11-OBringinterfacein different states. Left panel, the

interfaceinthe E,-like states shows an open OB ring for substrate entrance.
Middle panel, the substrate entrance of the OB ring is blocked by RPN11in the
substrate-inhibited states. Right panel, RPN11is rotated outward slightly by -5
Atomake way for substrate translocation through the OB ring in state ESS7*
(grey cartoon) as compared to those in the substrate-inhibited states (colorful
cartoon).g, Side-by-side structural comparison of the USP14-bound RPin all
states from the top view showing differential rotation of the lid and RPN1.

h, Plots of the distance of pore-1loop to the CP for those states not shownin
Fig.3c.Thecomparison shows that the pore-loop staircase architecturein
state Sp°"*, SESP or Sp3F* is similar to that of E,-like state. i, Root-mean-
squared-deviation (RMSD) values of the ATPase structures are mapped
betweenany pairs of the thirteen states.j, Anintegrated schematic diagram of
proteasome state transitionsillustrates the full functional cycles of the
proteasomeinthe presence and absence of USP14. The solid circles are the
states observedinthe current study, whereas the dashed circles are the states
observed in previous studies of substrate-free® (orange) or substrate-engaged
human proteasome' (green) in the absence of USP14. Color blue and salmon
label the substrate-engaged and substrate-inhibited USP14-proteasome states,
respectively. The states with closed and open CP gate are placed in pink and
limon backgrounds, respectively. Vertical orange dashed lines link the state
pairswithcomparable AAA-ATPase structures. Black solid arrows and dashed
arrows represent the possible structural transitions connecting the states
observedinthe currentstudy and pervious USP14-free studies®'®, respectively.
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Extended DataFig. 8| Dynamics of USP14 and key ATPase subunitsin the
proteasome. a, Superposition of the USP14-RPT1subcomplex structures from
different states aligned againstthe RPT1large AAA subdomain. USP14 rotates
together with the RPT1OB domain and moves up over 37 A (fromEps ™ to Egg ™)
relative tothe RPT1AAA domain. The angle between the OB domain and the
AAAdomainismeasured and labelled for each state. b, Superposition of the
USP14 structures from different states aligned against their USP domain. The
UBL domain moves up over 24 A (fromEp; * to Egor ) relative to the USP
domain. The distance between Ser74 and Cys114 is measured and labelled for
eachstate. c, Superposition ofthe RPT6 AAA domainstructures fromdifferent

statesaligned against the large AAA subdomain. Left, comparison of the RPT6
AAAstructuresinthe ATP-bound states. Middle, comparison of states Sy %,
EgST*andEgST, the ADP-bound states and state E; (PDB1D: 6MSE) shows
conformational changes of the AAA domain driven by the ATP hydrolysis and
nucleotide exchange. Right, the open-gate statesEpsh 4, Eny #, and Sh3** show
different refolding of both the pore-1and pore-2loops.d, Superposition of the
RPT1AAA domainstructures fromdifferent states aligned against the large
AAA subdomain. Left, comparison of the structuresinthe ATP-bound states.
Middle, comparisonofthestructuresin different nucleotide-binding states.
Right, the C-terminal tails of RPT6 exhibit three major orientations.
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Extended DataFig.9|Structure-basedsite-directed mutagenesis.

a, Mapping of the potential RPT-binding sites and other residues affecting
USP14 activation onto the USP14 structure in the Egy ** model. The UBL domain
of USP14 is not shown. b, Purification of USP14 mutants and analyzed by SDS/
PAGE and stained with Coomassie blue. ¢, Peptidase activity assay was used

to evaluate the effects of USP14 variants onregulating the CP gate opening.
Pvalues were analyzed using a two-tailed unpaired t-test between wild-type
USP14-bound and USP14-free proteasomes. The results suggest that the
mutants promote the CP gate opening to the same degree as that of wild-type
USP14 as compared to that of the USP14-free proteasome.d ande,
Ubiquitin-AMC hydrolysis assay to measure the DUB activity of USP14 mutants
inthe presence (panel d) or absence (panel e) of the human proteasome. Data
arepresented asmean s.d. from threeindependent experiments. Pvalues
were analyzed using atwo-tailed unpaired t-test between USP14 mutants and
wild-type USP14. Pvalueis notlabelled for datawith P> 0.05, which s not
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

EaUBL EanoUBL Eaz.1UBL SpUSPI4 SUsP4 Sp4UsPi4 SpsUsPi4 EpoUSPl4  Ep USPl4 Ep, (USPI4 Ep, \USPI4 Ep USPI4 R USPI4
(EMD- (EMD- (EMD- (EMD- (EMD- (EMD- (EMD- (EMD- (EMD- (EMD- (EMD- (EMD- (EMD-
32272) 32273) 32274) 32281) 32282) 32283) 32284) 32277) 32278) 32279) 32280) 32275) 32276)
(PDB (PDB (PDB (PDB (PDB (PDB (PDB (PDB (PDB (PDB (PDB (PDB (PDB
TW37) 7W38) TW39) TW3I) TW3J) TW3K) TW3M) TW3C) TW3F) TW3G) 7W3H) TW3A) TW3B)
Data collection and
processing
Magnification 105,000 105,000 105,000 105,000 105,000 105,000 105,000 105,000 105,000 105,000 105,000 105,000 105,000
Voltage (kV) 300 300 300 300 300 300 300 300 300 300 300 300 300
Electron exposure (e 50 50 50 50 50 50 50 50 50 50 50 50 50
JA?)
Defocus range (um) -0.4to - -0.4to - -0.4to - -0.4to - -0.4to - -0.4to - -0.4to - -0.4to - -0.4to - -0.4to - -0.4to - -0.4to - -0.4to -
5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Pixel size (A) 0.685 0.685 0.685 0.685 0.685 0.685 0.685 0.685 0.685 0.685 0.685 0.685 0.685
Symmetry imposed Cl1 Cl1 C1 Cl1 C1 Cl1 C1 Cl1 C1 Cl1 C1 Cl1 C1
Initial particle images 3,228,506 3,228,506 3,228,506 3,228,506 3,228,506 3,228,506 3,228,506 3,228,506 3,228,506 3,228,506 3,228,506 3,228,506 3,228,506
(no.)
Final particle images 367,235 284,997 294,653 53,225 56,133 74,792 66,215 142,577 124,597 291,384 294,653 66,910 35,156
(no.)
Map resolution (A) 3.0 3.1 32 35 35 3.6 35 34 33 32 32 35 3.6
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143
l\gap resolution range 2.5-6.0 2.5-6.0 2.5-6.0 3.0-8.0 3.0-8.0 3.0-8.0 3.0-8.0 2.5-8.0 2.5-8.0 2.5-8.0 2.5-6.0 3.0-8.0 3.0-8.0
(A)
Refinement
Initial model used 6MSB 6MSD 6MSD 6MSB 6MSB 6MSK, 6MSK, 6MSK, 6MSK, 6MSK 6MSK 6MSK, 6MSK,
6MSE 6MSH 6MSJ 6MSJ 6MSB 6MSJ
Model resolution (A) 3.1 32 32 3.6 3.6 3.6 3.6 3.6 3.6 33 33 3.6 3.8
FSC threshold 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Model resolution 2.5-6.0 2.5-6.0 2.5-6.0 3.0-8.0 3.0-8.0 3.0-8.0 3.0-8.0 2.5-8.0 2.5-8.0 2.5-8.0 2.5-6.0 3.0-8.0 3.0-8.0
range (A)
Map sharpening B -30 -30 -30 -50 -50 -30 -30 -20 -20 -10 -50 -50 -30
factor (A?)
Model composition
Non-hydrogen atoms 106,025 106,178 106,442 110,481 110,559 110,657 109,020 110,747 110,751 110,741 110,771 110,889 109,441
Protein residues 13,527 13,539 13,535 14,054 14,071 14,090 13,879 14,074 14,074 14,074 14,074 14,090 13,915
Ligands 13 13 12 7 7 5 5 6 6 6 10 7 5
B factors (A?)
Protein 132.08 128.18 130.96 122.34 137.24 167.16 170.46 187.97 124.16 150.21 143.50 125.03 149.95
Ligand 83.04 79.69 116.22 115.48 154.82 221.15 209.13 190.72 159.21 243.44 168.32 130.08 222.16
R.m.s. deviations
Bond lengths (A) 0.004 0.004 0.005 0.005 0.005 0.004 0.003 0.004 0.003 0.004 0.005 0.004 0.003
Bond angles (°) 0.803 0.800 0.816 0.822 0.844 0.818 0.775 0.754 0.742 0.756 0.782 0.809 0.785
Validation
MolProbity score 1.66 1.69 1.68 1.75 1.80 1.73 1.74 1.73 1.71 1.72 1.75 1.75 1.72
Clashscore 5.00 547 5.25 5.71 6.45 5.88 5.94 5.66 5.42 5.58 5.60 5.70 5.52
Rotamers outliers (%) 0.15 0.18 0.15 0.26 0.55 0.18 0.14 0.13 0.16 0.31 0.24 0.38 0.13
Ramachandran plot
Favored (%) 94.10 94.23 94.05 93.22 93.04 93.93 93.77 93.54 93.73 93.75 93.00 93.18 93.60
Allowed (%) 5.83 5.69 5.90 6.72 6.91 5.98 6.12 6.39 6.20 6.13 6.86 6.72 6.33
Outliers (%) 0.07 0.08 0.05 0.06 0.05 0.09 0.11 0.07 0.07 0.12 0.14 0.10 0.07
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Extended Data Table 2 | Summary of key structural features of USP14-bound proteasome states

States EA]UBL E,\Z_HLBL E/\Z_IUBL SBUSPM SCUSPM SD4USPI4 SDSUSPM ED4l!SPl4 EDSLSPN ED“LSPN EDIUSPM EDZ,HLSPN EDZ.IUSP”
Site with ubiquitin RPT5 CC RPN11 RPN11 USP14 USP14 USP14 USP14 USP14 USP14 USP14 USP14 USP14 USP14
density observed
Substrate density None None Cleft None None None None AAA AAA AAA AAA AAA AAA
observed between channel channel channel channel channel channel
RPNI11 and
RPT4 OB
USP14 binding site RPNI T2 RPN1 T2 RPN1 T2 RPN1 RPN1 RPN1 RPN1 RPN1 RPN1 RPN1 RPN1 RPN1 RPN1
site (UBL) site (UBL) site (UBL) T2, RPT1 T2, RPTI T2, RPT1 T2, RPT1 T2, RPT1 T2, RPT1 T2, RPTI T2, RPT1 T2, RPT1 T2, RPT1
OB-AAA | OB-AAA | OB-AAA | OB-AAA | OB-AAA | OB-AAA | OB OB OB OB
Pore-loop staircase None None None None None None None RPT3, RPT6, RPT2, RPT2, RPTI1, RPTS5,
contacting substrate RPT4, RPT3, RPT6, RPT6, RPT2, RPTI,
(from top to RPTS, RPT4, RPT3, RPT3, RPTG6, RPT2,
bottom) RPTI1, RPTS RPT4 RPT4 RPT3 RPT6,
RPT2 RPT3
RPT subunits RPT6 RPT6 RPT6 RPT6 RPT6 RPT6 RPTI, RPT6 RPTI, RPTS, RPTS, RPT4, RPT4
disengaged from RPT2 RPT2 RPT1 RPT1 RPT5
pore loop staircase
RPT subunits with RPTG6, RPT6, RPT6, RPT2, RPT2, RPTI, RPTS RPT2, RPT5 RPT4, RPT4 RPT3 RPT3
ADP bound RPTS RPTS RPTS RPT6 RPT6 RPT2 RPT6 RPTS
RPT subunits in None None None None None RPT6, RPTI1, None RPTI1, RPT1 RPTS RPT4 RPT4
apo-like state RPT3 RPT2 RPT2
RPT C-tails RPT3, RPT3, RPT3, RPT3, RPT3, RPT3, RPT3, RPT3, RPT3, RPT3, RPT3, RPT3, RPT3,
insertion into a- RPTS RPTS RPTS RPTS RPTS, RPTS, RPTS, RPTS, RPTS, RPTS, RPTS, RPTS, RPTS,
pockets RPT2, RPTI, RPTI, RPTI, RPTI, RPTI1, RPTI, RPTI, RPTI,
RPT6 RPT2, RPT2, RPT2, RPT2, RPT2, RPT2, RPT2, RPT2,
RPT6 RPT6 RPT6 RPT6 RPT6 RPT6 RPT6 RPT6
CP gate state Closed Closed Closed Closed Closed Open Open Open Open Open Open Open Open
Resemblance to the Sa Sa Sa Sp Spi Spi Sps Sp Sp Sp Sp Sp Sp2
USP14-free (lid (ATPase (ATPase (ATPase (lid (lid (lid (RP-CP (RP-CP (RP-CP (RP-CP (RP-CP (lid
substrate-free position, and RP-CP and RP-CP and RP- position position, position, interface) interface) interface) interface) interface) position,
conformations ATPase and | interface) interface) Cp and pore-loop | pore-loop pore-loop
RP-CP interface) ATPase) staircase staircase staircase
interface) and RP- and RP- and RP-
CP CP CP
interface) interface) interface)
Resemblance to the Eai Eaz Ea Eai Eai Es Ec2 Es Eci Epo Epi Ep2 Ep2
USP14-free (ubiquitin (ubiquitin (ubiquitin (ATPase (ATPase (ATPase (lid (ATPase (lid (lid (lid (nucleoti (lid
substrate-bound binding, lid binding, lid binding, and RP- only) only) position only) position position, position, de- position,
conformations position, position, ATPaseand | CP and and disengag disengag binding ATPase
ATPaseand | ATPaseand | RP-CP interface) Ec Ep ATPase Ep ATPase ed RPT ed RPT states and | and RP-
RP-CP RP-CP interface) (RP-CP (RP-CP only) (RP-CP only) subunits subunits RP-CP CpP
interface) interface) interface) | interface) interface) and RP- and RP- interface) | interface)
Ep Ep Cp Cp
(RP-CP (RP-CP interface) interface)
interface) interface)
Putative functions Ubiquitin Ubiquitin Priming for | 1)  Substrate deubiquitylation by USP14, 1)  Substrate deubiquitylation by USP14 with processive substrate
recognition | transferto | substrate followed by substrate release from the translocation and degradation
RPN11 ‘“Sjmo“ proteasome without degradation 2)  Stimulation of ATPase activity and CP gate opening
Zrclubiquityl 2) Pr_cvcmion of substrate engagement
ation by with the AAA-ATPase motor
RPN11

Comparison is meant for the human proteasome under different conditions. The nucleotide states in the substrate-engaged states share certain comparable features consistent with the previ-

ously reported results™. ATP is generally bound to the substrate-engaged ATPases above the penultimate contact along the substate. ADP is bound to the ATPase subunit at the lowest position

in contact with substrate, which is poised for dissociation from substrate, whereas an apo-like or ADP-bound state is generally found in the substrate-disengaged ATPase subunits that are in the
seam of the lock-washer-like ATPase ring. CC, coiled coil. CP, core particle.
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Cryo-EM density maps of USP14-proteasome complexes have been deposited in the Electron Microscopy Data Bank (EMDB) (www.emdatasource.org) under
accession codes EMD-32272 (EA1UBL), EMD-32273 (EA2.0UBL), EMD-32274 (EA2.1UBL), EMD-32275 (ED4USP14), EMD-32276 (ED5USP14), EMD-32277
(EDOUSP14), EMD-32278 (ED1USP14), EMD-32279 (ED2.0USP14), EMD-32280 (ED2.1USP14), EMD-32281 (SBUSP14), EMD-32282 (SCUSP14), EMD-32283
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EMD-32292 (SCUSP14 with the USP14 density improved). The corresponding coordinates have been deposited in the Protein Data Bank (PDB) (www.wwpdb.org)
under accession codes 7W37 (EA1UBL), 7W38 (EA2.0UBL), 7W39 (EA2.1UBL), 7W3A (ED4USP14), 7W3B (ED5USP14), 7W3C (EDOUSP14), 7W3F (ED1USP14), 7W3G
(ED2.0USP14), 7W3H (ED2.1USP14), 7W3I (SBUSP14), 7W3J (SCUSP14), 7W3K (SD4USP14) and 7W3M (SD5USP14). Comparisons to protein structures from
previous publications used the atomic models in the PDB under accession codes: 2AYN (USP domain of USP14 in its isolated form), 2AYO (USP domain of USP14
bound to ubiquitin aldehyde), 6MSB (state EA1 of substrate-engaged human proteasome), 6MSD (state EA2), 6MSE (state EB), 6MSG (state EC1), 6MSJ (state ED1),
6MSK (state ED2), SVFT (state SB of substrate-free human proteasome), 5VFU (state SC), 5VFP (state SD1), and 5VFR (state SD3). Cryo-EM maps from previous
publications used in comparison are available from EMDB under access codes EMD-9511 (USP14-UbAl-bound proteasome), EMD-3537 (Ubp6-bound proteasome
map) and EMD-2995 (Ubp6-UbVS-bound proteasome). Uncropped versions of all gels and blots are provided in Supplementary Fig. 1. All other data are available
from the corresponding author upon reasonable request. Source data are provided with this paper.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

[ 1IX Antibodies [ ] chip-seq

|:| Eukaryotic cell lines |:| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
X |:| Animals and other organisms

g |:| Human research participants

|Z |:| Clinical data

|Z |:| Dual use research of concern

Antibodies

Antibodies used Anti-T7 (abcamAnti-T7 (abcam, cat#: ab9115, Rabbit polyconal, 1:1000 )
Anti-RPN13 (abcam, cat#: ab157185, Rabbit monoclonal, 1;10000 )
Anti-USP14(Novus, cat#: NBP2-20826, Rabbit polyconal, 1:1000 )

Validation Information of the antibody validation is available through manufacturer's online database. No further validation was done on the
antibody in the reported experiments.
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Eukaryotic cell lines

Policy information about cell lines
Cell line source(s) A stable HEK293 cell line harboring HTBH (hexahistidine, TEV cleavage site, biotin, and hexahistidine) tagged hRPN11, a gift
from L. Huang, Departments of Physiology and Biophysics and of Developmental and Cell Biology, University of California,
Irvine, California 92697.
Authentication Further authentication was not performed for this study.

Mycoplasma contamination Mycoplasma testing was not performed for this study.

Commonly misidentified lines No commonly misidentified cell lines were used in this study.
(See ICLAC register)

>
QO
L
c
)
e,
o)
=
o
=
—
@
S,
o)
=
>
Q
wv
C
3
3
QO
<




	USP14-regulated allostery of the human proteasome by time-resolved cryo-EM

	Visualizing intermediates of USP14–proteasome

	Time-resolved conformational continuum

	Dynamic USP14–proteasome interactions

	USP14 activation by the proteasome

	Allosteric regulation of ATPase activity

	Asymmetric ATP hydrolysis around ATPase ring

	Insights into proteasome regulation by USP14

	Online content

	﻿Fig. 1 Time-resolved cryo-EM analysis of the conformational landscape of USP14–proteasome complexes in the act of substrate degradation.
	Fig. 2 Structural basis of proteasome-mediated activation of USP14.
	﻿Fig. 3 Structural dynamics and mechanism of allosteric regulation of the AAA-ATPase motor by USP14.
	Fig. 4 Proposed model of USP14-mediated regulation of proteasome function.
	Extended Data Fig. 1 Protein purification and cryo-EM imaging.
	Extended Data Fig. 2 Cryo-EM data processing workflow and time-resolved analysis.
	Extended Data Fig. 3 Cryo-EM reconstructions and resolution measurement.
	Extended Data Fig. 4 Cryo-EM maps and quality assessment.
	Extended Data Fig. 5 Structural comparison of the proteasome under distinct conditions.
	Extended Data Fig. 6 Substrate interactions with the pore loops in the AAA-ATPase motor, the RP-CP interfaces and the nucleotide densities in different USP14-bound states.
	Extended Data Fig. 7 Structural comparison of the USP14-bound proteasome of different states.
	Extended Data Fig. 8 Dynamics of USP14 and key ATPase subunits in the proteasome.
	Extended Data Fig. 9 Structure-based site-directed mutagenesis.
	Extended Data Table 1 Cryo-EM data collection, refinement and validation statistics.
	Extended Data Table 2 Summary of key structural features of USP14-bound proteasome states.




