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SUMMARY

The 26S proteasome is the central ATP-dependent
protease in eukaryotes and is essential for organ-
ismal health. Proteasome assembly is mediated by
several dedicated, evolutionarily conserved chap-
erone proteins. These chaperones associate tran-
siently with assembly intermediates but are absent
from mature proteasomes. Chaperone eviction
upon completion of proteasome assembly is neces-
sary for normal proteasome function, but how they
are released remains unresolved. Here, we demon-
strate that the Nas6 assembly chaperone, homolog
of the human oncogene gankyrin, is evicted from
nascent proteasomes during completion of assem-
bly via a conformation-specific allosteric interaction
of the Rpn5 subunit with the proteasomal ATPase
ring. Subsequent ATP binding by the ATPase subunit
Rpt3 promotes conformational remodeling of the
ATPase ring that evicts Nas6 from the nascent pro-
teasome. Our study demonstrates how assembly-
coupled allosteric signals promote chaperone evic-
tion and provides a framework for understanding
the eviction of other chaperones from this bio-
medically important molecular machine.

INTRODUCTION

The ubiquitin-proteasome system (UPS) clears damaged or un-

needed proteins from cells and is deregulated in numerous hu-

man diseases (Schmidt and Finley, 2014; Tomko and Hoch-

strasser, 2013). UPS substrates are typically first modified with

a chain of the small protein ubiquitin, which serves as a signal

for delivery to the 26S proteasome, a 2.5 MDa ATP-dependent

protease complex. The 26S proteasome consists of a barrel-

shaped 20S core particle (CP) that is capped on one or both

ends by the 19S regulatory particle (RP). The RP can be further

divided into lid and base subcomplexes (Figure 1A). The lid con-

sists of nine subunits: Rpn3, Rpn5–Rpn9, Rpn11, Rpn12, and

Sem1/Rpn15. The base consists of a heterohexameric ring of

six AAA+ ATPases, Rpt1–Rpt6, and the non-ATPase subunits

Rpn1, Rpn2, and Rpn13. The lid removes the polyubiquitin tar-
Ce
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geting signal from the substrate via the deubiquitinase subunit

Rpn11. The base uses mechanical force derived from ATP to un-

fold the substrate and translocate it into the CP, where it is

cleaved into short peptides.

In humans and yeast, the 26S proteasome adopts several

conformational states (Chen et al., 2016; Eisele et al., 2018;

Guo et al., 2018; Huang et al., 2016; Luan et al., 2016; Maty-

skiela et al., 2013; �Sled�z et al., 2013; Unverdorben et al.,

2014; Wehmer et al., 2017; Zhu et al., 2018) that can be sepa-

rated into a substrate free state (herein called s1) and several

closely related substrate processing states (herein called s3-

like states) (reviewed in Bard et al., 2018). The s1 state is a

resting, inactive state in which the substrate passageways are

occluded and the active site of the deubiquitinase subunit

Rpn11 is shielded from the substrate. The s3-like states are

highly similar to one another and are distinguished by the align-

ment of the substrate passageways and a large rotation of the

lid subcomplex that positions Rpn11 over the ATPase pore to

allow for cotranslocational deubiquitination of substrates (de

la Peña et al., 2018; Matyskiela et al., 2013). Although confor-

mational analyses have greatly enhanced our understanding

of proteasomal substrate processing, less is known about

how conformational rearrangements contribute to proteasome

assembly (Dambacher et al., 2016; Kock et al., 2015; Tomko

et al., 2015; Wani et al., 2015).

Proteasome assembly is a conserved process that depends

upon both intrinsic subunit features and extrinsic assembly

chaperones (Howell et al., 2017). The lid, base, and CP can

assemble independent of one another, although the base likely

can also assemble using the CP as a scaffold (Kusmierczyk

et al., 2008; Park et al., 2009). Under physiological conditions,

base assembly is controlled by four dedicated, evolutionarily

conserved assembly chaperones: Nas6, Rpn14, Hsm3, and

Nas2 (Funakoshi et al., 2009; Kaneko et al., 2009; Le Tallec

et al., 2009; Park et al., 2009; Roelofs et al., 2009; Saeki et al.,

2009). An inducible chaperone, Adc17, enhances base assembly

under stress conditions in yeast (Hanssum et al., 2014). Each of

the four dedicated chaperones binds the C-terminal domain of

a specific Rpt subunit in a pairwise manner to form the interme-

diate complexes Nas6-Rpt3-Rpt6-Rpn14, Hsm3-Rpt1-Rpt2-

Rpn1, and Rpt4-Rpt5-Nas2. These intermediates then assemble

in an ordered fashion (Kaneko et al., 2009; Tomko et al., 2010),

along with Rpn2 and Rpn13 (Tomko and Hochstrasser, 2011),

to produce the base.
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Figure 1. Prominent Steric Clash between

Rpn5 and Nas6 in the s1 and s3 26S Protea-

some Conformations

(A) Illustration of the 26S proteasome. The

composition of the lid and base subcomplexes is

shown.

(B andC) Atomic structure of Nas6 in complex with

the C-terminal domain of Rpt3 (PDB: 2DZN) was

modeled onto a pseudoatomic model of the 26S

proteasome s1 state (PDB: 4CR2) (B) or the s3

state (PDB: 4CR4) (C) by superimposing the Rpt3

C-terminal domains in Pymol. The red arrows

indicate the steric clash between Rpn5 (dark blue)

and Nas6 (green) in both the s1 and the s3 states.

Rpt3 is shown in salmon, and Rpt4 is shown in

cyan.

(D) There is no obvious steric clash in the structure

of the human RP bound by the Nas6 ortholog

gankyrin (PDB: 5VHF).

Coloring in (C) and (D) is as in (B). Many subunits

are omitted for clarity.

See also Figure S1 and Table S3.
Much progress has been made toward understanding how

base assembly chaperones promote proteasome biogenesis

(reviewed in Howell et al., 2017). Generally, the four constitutive

base chaperones prevent premature docking of proteasomal

ATPases onto the surface of the CP by providing a steric

blockade of the interaction surface. Furthermore, individual

chaperones serve distinct roles during assembly. Hsm3 stabi-

lizes the Rpt1-Rpt2-Rpn1 intermediate during assembly (Bar-

rault et al., 2012), and Nas2 prevents premature interaction of

the Rpt4-Rpt5-Nas2 and Hsm3-Rpt1-Rpt2-Rpn1 modules (Sa-

toh et al., 2014; Tomko et al., 2010). Nas6was reported to restrict

association of the lid and CP with the base in a nucleotide-

dependent manner, suggesting that nucleotide binding or hydro-

lysis events are tied to the association of the three major protea-

somal subcomplexes (Li et al., 2017). However, the detailed

molecular mechanisms regulating the association of the lid,

base, and CP during proteasome biogenesis remain unclear.

A fundamental question that remains unanswered is how the

base chaperones are released from the nascent 26S protea-

some upon completion of assembly. Such eviction is necessary

for proper proteasome function. It is thought that formation of a

transient RP-chaperone-CP complex must occur to complete

26S proteasome assembly and promote eviction of the chaper-

ones (Li et al., 2017; Lu et al., 2017). Although early molecular

modeling studies conducted with homolog models of the base

ATPase ring suggested that Nas6 and the CP were in full steric
484 Cell Reports 26, 483–495, January 8, 2019
conflict (Park et al., 2013; Roelofs et al.,

2009), a recent structure of the human

RP bound by the Nas6 ortholog gankyrin

demonstrated that a ternary complex of

the fully assembled RP, CP, and gankyrin

could form without obvious steric conflict

(Lu et al., 2017). This is due to a pro-

nounced opening of the nucleotide bind-

ing pocket of Rpt3 in the gankyrin-bound

RP that is not present in cryo-electronmi-
croscopy (cryo-EM) structures of the chaperone-free 26S pro-

teasome. We thus considered the possibility that conformational

changes within the RP, likely triggered by nucleotide binding

and/or hydrolysis, mediate eviction of Nas6 upon association

of the RP and CP.

In this study, we demonstrate that formation of a conforma-

tion-specific contact point between Rpn5 and the base pro-

motes ATP-dependent conformational changes in Rpt3 that

drive eviction of Nas6 from nascent proteasomes. These findings

unite previous biochemical and structural studies and demon-

strate allosteric communication between the lid and the CP dur-

ing 26S proteasome assembly using the base as a conduit. Our

results raise the intriguing possibility that chaperone eviction

functions as a checkpoint to protect against the formation

of 26S proteasomes from conformationally or functionally

defective RPs.

RESULTS

Modeling Reveals Steric Clash between Rpn5 and Nas6
in Mature 26S Proteasomes
Six major conformational states, named s1–s6, of the mature

yeast 26S proteasome have been reported (de la Peña et al.,

2018; Eisele et al., 2018; Luan et al., 2016; Matyskiela et al.,

2013; �Sled�z et al., 2013; Unverdorben et al., 2014; Wehmer

et al., 2017). The mechanism(s) of interconversion among these



states are uncertain, but the nucleotide state of the base ATPase

ring heavily influences the conformational distribution (Eisele

et al., 2018; �Sled�z et al., 2013; Zhu et al., 2018). To understand

how conformational changes may affect interaction between

Nas6 and the assembling proteasome, we superimposed the

Nas6-Rpt3 co-complex (Nakamura et al., 2007) onto each state

of the mature 26S proteasome. Steric clash was evident be-

tween Nas6 and lid subunit Rpn5 in all states examined (Figures

1B and 1C; Figures S1A–S1D), with the Rpn5 clash being partic-

ularly prominent in the s1 state (Figure 1B) and the s3 state (Fig-

ure 1C).We quantified themagnitude of clash betweenNas6 and

either the CP a ring or Rpn5 in each state (Table S3) and found

that the s1 state uniquely showed strong steric clash of Nas6

with both Rpn5 and the CP (Figure S1; Table S3). In contrast,

gankyrin showed no steric clash with Rpn5 in structures of the

RP-gankyrin complex (Figure 1D; Figures S1E and S1F) (Lu

et al., 2017). This is due to a widened gap between Rpt4 and

Rpt3 that allows for simultaneous interaction of Rpn5 with

Rpt4 and Nas6 with Rpt3. In addition, the surface of Rpn5 that

contacts Rpt4 in the RP-gankyrin complex is distinct from the

contacts between Rpn5 and the base in the s1–s6 states.

Thus, we hypothesized that formation of state-specific contacts

between Rpn5 and the ATPase ring upon RP-CP docking may

regulate proteasome assembly.

Conformation-Specific Interaction between Rpn5 and
the Base Controls RP-CP Association
Given the prominent clash between Nas6 and Rpn5 in the s1 and

s3 states,wefirst aimed to introducemutations that disrupted the

contact points observed betweenRpn5 and the base in either the

s1 state or the s3 state. We identified residues E127, N128, and

K129 in Rpn5 as making contact with the base subunits Rpt4

and Rpt3 in the s1 state, but not the s3 state (Figure 2A, yellow

spheres). Similarly, we identified Rpn5 residues V198, R201,

andK205asmakingcontactwith thebase viaRpt4 in the s3state,

but not the s1 state (Figure 2A, red spheres). We generated

conformation-selective RPN5 E127F/N128W/K129A mutant

(rpn5-s1mut) and V198W/R201F/K205R mutant (rpn5-s3mut,

which also disrupts Rpn5 contacts in the s3-like s4 and s6 states)

(Table S3) alleles, with the expectation that they would disrupt

Rpn5 contact with the base in these states without globally dis-

rupting RP structure or conformational distribution.

The rpn5-s1mut and rpn5-s3mut protein products were ex-

pressed at levels similar to those of wild-type (WT) Rpn5 (Fig-

ure S2A), cells harboring the mutants displayed no obvious

growth defects at 30�C (Figure S2B), and the RP of rpn5-

s1mut and rpn5-s3mut 26S proteasomes displayed no gross

conformational or structural abnormalities based on conforma-

tion-specific crosslinking (Figure S2C) (Eisele et al., 2018). How-

ever, native PAGE of whole-cell extracts and immunoblotting

against components of the lid, base, and CP revealed a loss of

doubly capped proteasomes (RP2CP) in rpn5-s1mut extracts

(Figure 2B) that was accompanied by the accumulation of free

CP and the appearance of a new species, which we term RP*.

RP* was reactive with both lid and base subunit antibodies and

migrated similarly to free RP. This unexpectedly suggested

that the rpn5-s1mut mutations located at the Rpn5-base inter-

face instead disrupted RP-CP interaction.
In support of a defect in RP-CP interaction, rpn5-s1mut dis-

played synthetic accumulation of RP* when combined with trun-

cations of the C termini of Rpt3 and Rpt5 (Figure 2C; Figure S2D),

which contain conserved motifs that dock into the surface of the

CP to mediate stable RP-CP interaction (Smith et al., 2007).

A similar phenotypewas observed upon combination with a trun-

cation of the Rpt6 C terminus, which has previously been linked

to proteasome assembly (Park et al., 2009; Sokolova et al.,

2015). Despite obvious steric clash with Nas6 in our modeling

(Figure 1C), no impact was observed on proteasome assembly

state or RP2CP levels in rpn5-s3mut extracts (Figure 2B).

However, this mutant accumulated polyubiquitin conjugates

(Figure S2E) and displayed synthetic growth defects when com-

bined with mutations in other proteasome subunits (Figure S2F),

indicating these structure-guided mutations were effective.

Because rpn5-s3mut also disrupts the Rpn5 contacts in the s4

and s6 states, we conclude that the s3, s4, and s6 Rpn5-base

contacts are dispensable for RP-CP stability, whereas the s1

Rpn5-base contact is important.

We performed genetic analysis to support the importance of

the Rpn5 s1 contact. Combination of the rpn5-s1 mutation with

a deletion of RP subunit gene RPN10 yielded a synthetic growth

defect at elevated temperature (Figure 2D). Rpn10 reinforces the

RP structure and serves as a ubiquitin receptor. The observed

growth defect was related to its structural role, because an

inactivating mutation in the Rpn10 ubiquitin-interacting motif

(rpn10-uim) displayed no synthetic defect with rpn5-s1mut.

Many proteasome hypomorphs display synthetic defects upon

deletion of the proteasome subunit transcription factor RPN4.

Combination of rpn5-s1mut with rpn4D was lethal at elevated

temperatures (Figure 2E), and examination of extracts from

rpn5-s1mut rpn4D double-mutant cells grown at permissive

temperature revealed an exacerbation of the rpn5-s1mut defect

(Figure 2F; Figure S2G). Because Rpn4-dependent enhance-

ment of proteasome assembly often compensates for assembly

defects via mass action (Funakoshi et al., 2009; Tomko and

Hochstrasser, 2014), this supports a role for the s1 Rpn5-base

contact in RP-CP assembly.

The rpn5-s1mut RP-CP Defect Is Not Solely due to
Disruption of Rpn5-CP Contact
Rpn5 makes direct contact with the CP in all six reported yeast

26S proteasome conformational states. This contact is stron-

gest in the s1 state and appears to consist of a network of

salt bridges formed by conserved amino acids Rpn5 E43/

K44/K85 and a1 E250/D252 (Unverdorben et al., 2014) (Figures

3A–3C). We considered the possibility that rpn5-s1mut was

indirectly causing repulsion of Rpn5 from the CP to yield the

observed defect. To test this possibility, we generated an allele

of RPN5 in which E43, K44, and K85 were mutated to phe,

phe, and ala, respectively (rpn5-FFA). We also generated an

a1(E250A) allele in an attempt to disrupt the CP-side contacts.

We observed formation of a small amount of RP* in immuno-

blots of native PAGE-separated extracts of rpn5-FFA or

a1(E250A) yeast that was substantially less than that observed

in rpn5-s1mut extracts. Combination of E250A with either rpn5-

FFA or rpn5-s1mut did not further enhance RP* formation (Fig-

ure 3D; Figure S3A). Similar results were observed with various
Cell Reports 26, 483–495, January 8, 2019 485



Figure 2. Analysis of Rpn5-Base Contact Point Mutants Reveals a Role for Rpn5 in RP-CP Stability

(A) Engineering conformation-specific mutations to the Rpn5-base interface. Rpn5 residues E127, N128, and K129 (yellow spheres) contact the base in the s1

state, but not the s3 state. Rpn5 residues V198, R201, and K205 (red spheres) contact the base in the s3 state, but not the s1 state. Subunit coloring is as in

Figure 1. Many subunits are omitted for clarity.

(B) Disrupting the s1 Rpn5-base contact causes accumulation of the CP and a RP-like species (RP*). Extracts from the indicated yeast strains were separated by

native PAGE and immunoblotted with antibodies against Rpn12, Rpt1, or the CP (n > 4). Asterisk indicates assembly intermediate.

(C) rpn5-s1mut is synthetic sick with mutations that weaken RP-CP association. Extracts from the indicated strains were separated by native PAGE and im-

munoblotted with antibodies against Rpn12 (n = 2). Asterisk indicates free Rpn12.

(D and E) Equal numbers of RPN5 or rpn5-s1mut cells harboring the indicated RPN10 (D) or RPN4 (E) alleles were spotted in 6-fold serial dilutions on YPD plates

and incubated for 3 days or as indicated (n = 3).

(F) Extracts from the indicated strains were separated by native PAGE and immunoblotted with Rpn12 antibody (n = 3). Asterisk indicates free Rpn12.

See also Figure S2.
a1 D252 mutants (data not shown), suggesting that these mu-

tations had minimal impact on RP-CP stability, possibly due to

limited impact on Rpn5-CP contact. In contrast, truncation of

the first 173 amino acids of Rpn5 (D173-rpn5), which removes
486 Cell Reports 26, 483–495, January 8, 2019
the s1 Rpn5-base contact point, as well as the s1 Rpn5-CP

contact, phenocopied the rpn5-s1mut defect (Figure 3E; Fig-

ure S3B). The rpn5-FFA mutant displayed a greater growth

defect at elevated temperatures than the rpn5-s1mut, although



Figure 3. Disrupting Rpn5 Contact with the CP Fails to Phenocopy the rpn5-s1 Mutation

(A) Potential network of salt bridges between the lid subunit Rpn5 (blue) and the a1 subunit of the CP (green) are evident in the s1 state (PDB: 4CR2), but not the s3

state (PDB: 4CR4). Insets highlight the amino acids contributing to the salt bridges in the s1 state and their positions in the s3 state.

(B and C) Multiple species alignment of a1 (B) and Rpn5 (C) regions contributing the salt bridges shown in (A). Putative salt bridge residues are in red font.

(D) Extracts from the indicated strains were separated by native PAGE and immunoblotted with Rpn12 antibody (n > 3).

(E) Comparison of RP* accumulation in RPN5 mutants. Extracts from the indicated strains were separated by native PAGE and immunoblotted with antibodies

against Rpn12 (n > 3).

(F) Equal numbers of cells from the indicated yeast strains were spotted in 6-fold serial dilutions on YPD plates and incubated as shown for 2 days (n = 3).

See also Figure S3.
less so than D173-rpn5 (Figure 3F). Because mutations to Rpn5

partially suppressed peptidase activation in our hands (Fig-

ure S3C), this may reflect an important role for this contact in

promoting gating or allosteric activation of the CP. Although

these data suggest that disrupting the Rpn5-CP contact may

cause a modest RP-CP defect, they cumulatively suggest

that disruption of Rpn5 contact with the base, rather than
with the CP, is primarily responsible for the observed rpn5-

s1mut assembly defect.

The Base Assembly Chaperone Nas6 Is Required for the
rpn5-s1mut Assembly Defect
We next investigated the composition of RP* by mass spec-

trometry. To purify RP*, we generated a strain expressing
Cell Reports 26, 483–495, January 8, 2019 487



Figure 4. Nas6 Is Required for the rpn5-s1mut RP-CP Defect

(A) RP-like species (RP*) was purified from rpn5-s1mut cells and separated by native PAGE. The gel was stained with Coomassie, and RP* (boxed) was excised

and analyzed by LC-MS/MS. Identified proteins are listed in the box. Nonadjacent lanes from the same gel are shown.

(B) 3xFLAG-tagged proteins were immunoprecipitated from extracts of the indicated yeast strains and separated by native PAGE and anti-FLAG immunoblotting

(n = 2). A red arrowhead indicates the position of RP* copurifying with Nas6. Asterisk indicates assembly intermediates.

(C) Nas6 interferes with 26S proteasome assembly only when the Rpn5 s1 contact is disrupted. Purified CP, nas6D yBase, Rpn10, and lid harboring either WT or

s1mut Rpn5 (s1) and Nas6 as indicated, incubated for 15 min at 30�C, and analyzed by native PAGE and anti-Rpn12 immunoblotting (n > 4).

(D) NAS6 deletion suppresses the rpn5-s1mut defect. Extracts of the indicated strains were separated by native PAGE and immunoblotted for Rpt1 (n = 3).

Asterisk indicates assembly intermediate.

(E) Extracts of the indicated yeast strains transformed with empty vector or a high-copy plasmid encoding NAS6 were separated by native PAGE and im-

munoblotted with antibodies against Rpn12 (n = 2). Asterisk indicates free Rpn12.

(F) Equal numbers of RPN5 or rpn5-s1mut cells expressing the indicated proteins from high-copy plasmids were spotted in 6-fold serial dilutions on the indicated

media (n = 3).

See also Figure S4 and Tables S4–S6.
rpn5-s1mut-3xFLAG. The tag had no effect on the accumulation

or abundance of RP* (data not shown). We then purified Rpn5-

containing complexes via anti-FLAG affinity, eluted them under

gentle conditions with excess 3xFLAG peptide, and resolved

them by native PAGE. Next, we excised the band corresponding

to RP* (and the same region from an untagged rpn5-s1mut

purification as control) and subjected them to liquid chro-

matography-tandem mass spectrometry (LC-MS/MS) peptide

sequencing. As expected, RP* contained all known subunits of

the lid and base (Figure 4A and inset; Tables S4 and S5). How-

ever, this species also contained a sole RP assembly chaperone,

Nas6. In agreement, Nas6, but not the Rpn14, Nas2, or Hsm3 RP

assembly chaperones, immunopurified RP* readily from rpn5-

s1mut extracts, as gauged by native PAGE immunoblotting
488 Cell Reports 26, 483–495, January 8, 2019
(Figure 4B). In contrast, all expected chaperones were present

on RP purified from RPN5-6xGly-3xFLAG cells (Figure S4B; Ta-

ble S6). The accumulation of Nas6 on RP in rpn5-s1mut cells was

not due to enhanced expression of Nas6, because the steady-

state protein levels were indistinguishable from those ofWT cells

(Figure S4A).

A simple explanation for the observed assembly defect and

the enrichment of Nas6 on RP in rpn5-s1mut yeast is that Nas6

cannot be effectively evicted from rpn5-s1mut proteasomes

during assembly and it instead destabilizes the RP-CP interface.

As a first test of this hypothesis, we asked whether Nas6 was

required for the rpn5-s1mut defect. We purified Nas6-free

base (nas6D yBase) (Figure S4C) containing the Rpn14 and

Hsm3 chaperones (Nas2 dissociates before completion of RP



assembly) (Kaneko et al., 2009; Tomko et al., 2010) from nas6D

yeast. We then performed in vitro 26S proteasome assembly as-

says using purified CP, recombinant Rpn10, nas6D yBase, and

recombinant lid harboring either WT Rpn5 or Rpn5 containing

rpn5-s1mut (rpn5-s1mut lid) (Figure S4D). When nas6D yBase

was preincubated with recombinant Nas6 and added to

Rpn10, CP, and WT lid, proteasomes formed as efficiently as

when Nas6was omitted (Figure 4C). Proteasomes were also effi-

ciently formed from rpn5-s1mut lid when Nas6 was omitted.

However, when Nas6 was added before assembly of protea-

somes with rpn5-s1mut lid, a substantial reduction in doubly

and singly capped proteasomes was observed and was accom-

panied by an accumulation of free RP. Nas6 was bound to the

accumulated RP (Figure S4E), as observed in vivo. This effect

was specific for Nas6, because recombinant Rpn14 had no

impact (Figure S4F). Thus, the RP-CP assembly defect observed

in rpn5-s1mut yeast depends both on the presence of Nas6 and

on perturbation of the Rpn5 s1 contact.

If the Rpn5 s1 contact with the base evicts Nas6 from nascent

26S proteasomes, then NAS6 deletion would be expected to

rescue the rpn5-s1mut defect and Nas6 overexpression would

exacerbate it. As predicted, NAS6 deletion fully suppressed

the rpn5-s1mut defect in vivo (Figure 4D), and overexpression

of Nas6 caused further reduction in doubly and singly capped

proteasomes and increased accumulation of RP and CP (Fig-

ure 4E; Figure S4G) in immunoblots of native PAGE-separated

extracts of rpn5-s1mut yeast. Nas6 overexpression in WT yeast

caused some accumulation of RP but no loss of 26S protea-

somes, suggesting that Nas6 overproduction may drive further

RP assembly by mass action but does not cause appreciable

RP-CP dissociation when Rpn5 is WT, in agreement with our

in vitro assays (Figure 4C). Consistent with the Nas6-dependent

rpn5-s1mut defect, overexpression of Nas6, but not other chap-

erones, caused a severe growth defect in rpn5-s1mut yeast at

elevated temperatures on media with the protein-destabilizing

amino acid analog L-canavanine (Figure 4F). Altogether, these

data indicate the Rpn5 s1 contact functionally opposes Nas6

during 26S proteasome assembly.

Rpn5 s1 Mutations Compromise Eviction of Nas6 from
Nascent 26S Proteasomes
Formation of the Rpn5 s1 contact may stabilize 26S protea-

somes by promoting eviction of Nas6 from nascent 26S protea-

somes upon completion of assembly, by preventing Nas6 from

rebinding and dissociating mature proteasomes into RP and

CP, or both. If the Rpn5 s1 contact prevents rebinding of Nas6

to mature proteasomes, then addition of Nas6 to preassembled

rpn5-s1mut proteasomes would promote their dissociation into

RP and CP. We thus asked whether adding Nas6 to preassem-

bled proteasomes compromised their stability. We either incu-

bated nas6D yBase with recombinant Nas6 before in vitro as-

sembly of 26S proteasomes, as in Figure 4, or assembled 26S

proteasomes and then incubated them with Nas6. We ensured

that the total time during which all components necessary for as-

sembly were present was the same in both schemes. As before,

preaddition of Nas6 to the base prevented efficient assembly of

doubly and singly capped proteasomes from rpn5-s1mut lid

(Figure 5A, lanes 5 and 6), whereas no impairment of 26S protea-
some assembly was observed with WT lid (Figure 5A, lanes 2

and 3). When Nas6 was added to proteasomes containing

rpn5-s1mut lid after assembly had been initiated, RP2CP were

present at the same abundance as for WT lid or for rpn5-s1mut

lid in the absence of Nas6 (Figure 5A, lanes 5 and 7). This sug-

gests that Nas6 must be present before completion of assembly

to impair RP-CP interaction. Singly capped rpn5-s1mut protea-

somes were slightly less abundant, and some accumulation of

RP was observed even when Nas6 was added after assembly

had initiated. This could be due to either incomplete assembly

under our conditions or some modest disassembly of 26S pro-

teasomes by Nas6 (as described later).

We used an enzymatic approach to confirm the results of our

native PAGE-based analysis. We measured turnover of excess

model proteasome substrate Ub4-GFP-Tail by in vitro-assem-

bled proteasomes under steady-state conditions. Proteasomes

assembled from recombinant lid and nas6D yBase degraded

this substrate with kinetics similar to purified yeast 26S protea-

somes, and Ub4-GFP-Tail was not turned over by reconstituted

proteasomes lacking lid (Figure S5), indicating substrate turn-

over was mediated only by fully assembled 26S proteasomes.

Because 26S proteasomes remain intact during substrate

degradation (Kriegenburg et al., 2008), the linear degradation

rate observed under steady-state conditions indicated that

proteasome assembly was complete and not continuing to

occur under our experimental conditions (Figures 5B–5D).

Once steady-state substrate turnover had been established,

we spiked reactions with buffer or a molar excess of Nas6 and

then continued to measure substrate turnover. In all cases, addi-

tion of buffer or Nas6 caused a slight slowing of the substrate

degradation rate compared to preaddition due to the resultant

dilution of the reaction. Addition of excess Nas6 caused minimal

slowing of substrate degradation for purified yeast 26S protea-

somes (Figure 5B), reconstituted proteasomes containing WT

lid (Figure 5C), or reconstituted proteasomes containing rpn5-

s1mut lid (Figure 5D) compared to buffer addition. This indicated

that Nas6 causes little to no dissociation of mature 26S protea-

somes, even when the Rpn5 s1 contact is disrupted. This further

supports amodel in which Nas6 primarily interferes with 26S sta-

bility before RP-CP association in rpn5-s1mut cells.

We next directly tested whether the Rpn5 s1 mutations

compromised Nas6 eviction from nascent 26S proteasomes.

We immobilized nas6D yBase on FLAG beads via a 3xFLAG

tag on the non-ATPase base subunit Rpn1 in the presence or

absence of recombinant Nas6. After washing away any unbound

Nas6, we added purified WT or s1mut lid, Rpn10, and CP. As-

sembly of 26S proteasomes was then monitored by retention

of lid and CP on the beads by the base, and release of Nas6

was monitored by detection of Nas6 in the supernatant (Fig-

ure 5E). When Nas6 was omitted, 26S proteasomes were effi-

ciently assembled based on retention of both lid and CP on the

beads (Figure 5F, lanes 3 and 4). However, when the base was

preloaded with Nas6, both WT and s1mut lid were efficiently re-

tained, but CP retention was partially compromised in the pres-

ence of s1mut lid (Figure 5F, lanes 6 and 7). Consistent with our

in vivo observations, the samples containing s1mut lid showed

decreased release of Nas6 into the supernatant (Figure 5F, lanes

6 and 7). Altogether, these findings strongly support a model in
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Figure 5. Mutation of the Rpn5 s1 Contact

Compromises Eviction of Nas6 from

Nascent 26S Proteasomes

(A) Nas6 must be present before rpn5-s1mut pro-

teasome assembly to impair RP-CP interaction.

Nas6 was added to base before (pre) or after (post)

addition of CP, Rpn10, and either WT or s1mut lid.

Samples were separated by native PAGE and

immunoblotted with an antibody against Rpn12

(n > 4). ,̂ weak cross-reactivity of the Rpn12 anti-

body to recombinant Nas6.

(B–D) Addition of Nas6 does not alter the activity of

mature proteasomes. Destruction of Ub4-GFP-Tail

by mature 26S proteasomes purified from yeast

(y26S; B); partially recombinant 26S proteasomes

(r26S) reconstituted from CP, base, Rpn10, and

WT lid (WT lid) (C); or r26S with rpn5-s1mut lid (lid-

s1mut) (D) was measured under multiple turnover

conditions. At the point indicated by the arrow,

either buffer control or purified Nas6 was added,

and the reaction was continued. No significant

difference in the reaction rates were observed

between buffer control and Nas6, indicating that

proteasomes remained intact after Nas6 addition

(n = 3).

(E) Schematic of Nas6 eviction assay.

(F) Disruption of the Rpn5 s1 contact compromises

Nas6 eviction. Immobilized base-Nas6 complexes

were incubated with the indicated proteins before

separation into supernatant and bead fractions

by centrifugation. Proteins in the supernatant or

bead fractions were then separated by SDS-PAGE

before immunoblotting for the indicated proteins

(n = 2). Blots of the supernatant or beads are

indicated to the left.

See also Figure S5.
which the Rpn5 s1 contact functions primarily by promoting

eviction of Nas6 from nascent 26S proteasomes, rather than de-

stabilizing mature 26S proteasomes.

ATP Binding by Rpt3 and Rpt6 Reciprocally Modulates
the rpn5-s1mut Assembly Defect
ATP binding and hydrolysis cause conformational rearrange-

ments within the proteasome, raising the possibility that the

conformation-specific function of Rpn5 in Nas6 eviction could

be linked to the nucleotide state of the base. We used the slowly

hydrolyzable ATP analog ATPgS to test the impact of nucleotide

binding on the rpn5-s1mut assembly defect. ATPgS is poorly hy-

drolyzed by proteasomal ATPases and thus promotes ATP-

bound conformations (Eisele et al., 2018; �Sled�z et al., 2013;

Zhu et al., 2018). We prepared extracts of WT or rpn5-s1mut

cells in the presence of either ATP or ATPgS and then examined

proteasome assembly state via native PAGE immunoblotting
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(Figure 6A; Figures S6A and S6B). The

accumulation of RP and CP observed in

extracts of rpn5-s1mut cells prepared in

the presence of ATP was potently sup-

pressed by preparation of extracts in the

presence of ATPgS. This suggests that

ATP binding by one or more ATPase sub-
units could bypass the requirement for the Rpn5 s1 contact with

the base and thus act downstream of the Rpn5 s1 contact.

One possible explanation for suppression of the rpn5-s1mut

assembly defect by ATPgS is that ATPgS allows the formation

of a ternary Nas6-RP-CP complex that resembles mature 26S

proteasomes by native PAGE. If so, then Nas6 should readily

copurify both RP and CP subunits in the presence of ATPgS

from rpn5-s1mut yeast. To test this, we purified Nas6-associ-

ated complexes from WT or rpn5-s1mut strains expressing

Nas6-3xFLAG from the NAS6 chromosomal locus. As reported

previously (Roelofs et al., 2009), Nas6 failed to detectably copre-

cipitate CP subunits inWT cells in the presence of ATP or ATPgS

(Figure 6B). Similarly, no CP subunits were evident in Nas6 im-

munoprecipitations from rpn5-s1mut yeast performed in the

presence of ATP. No CP subunits copurified with Nas6 from

rpn5-s1mut cells even in the presence of ATPgS. Similar results

were obtained when the CP was immunoprecipitated and



Figure 6. Nucleotide Binding State of Rpt3

and Rpt6 Controls Rpn5-Dependent RP-CP

Stability

(A) ATP hydrolysis is required for the RP-CP sta-

bility defect. Extracts from the yeast strains indi-

cated were separated by native PAGE in the

presence of ATP or ATPgS and immunoblotted

with antibody against Rpn12 (n = 3). Asterisk

indicates free Rpn12.

(B) Nas6-3xFLAG does not coprecipitate CP sub-

units. Nas6-3xFLAG and associated proteins were

immunoprecipitated from extracts of WT or rpn5-

s1mut yeast in the presence of ATP or ATPgS.

Immunoprecipitates from RPN5-3xFLAG and un-

tagged cells served as positive and negative con-

trols for CP copurification, respectively (n = 3).

(C) ATP binding by proteasomal ATPases differ-

entially affects the rpn5-s1mut defect. Extracts

from the indicated yeast strains were separated by

native PAGE and immunoblotted with anti-Rpn12

antibodies (n > 3). Asterisk indicates free Rpn12.

See also Figure S6.
assayed for copurification of Nas6 (Figure S6C). Thus, the rpn5-

s1mut defect does not obviously allow formation of a ternary

Nas6-RP-CP complex in the presence of ATPgS, and nucleotide

binding by one or more ATPase subunits must therefore act

downstream of the Rpn5 s1 contact during Nas6 eviction.

To distinguish the effects of individual nucleotide binding

events on proteasome assembly, we introduced glutamate-to-

glutamine substitutions into the conserved Walker B motifs of

the proteasomal ATPases (rpt-EQ). These mutations prevent

ATP hydrolysis by the respective Rpt subunit, thereby enriching

the ATP-bound state. We have previously shown that rpt2-EQ,

rpt3-EQ, and rpt6-EQ mutant yeast are viable, whereas rpt1-

EQ, rpt4-EQ, and rpt5-EQ mutant yeast are not (Eisele et al.,

2018), so we focused our attention on Rpt2, Rpt3, and Rpt6.

We introduced each of these rpt-EQ mutants into RPN5 or

rpn5-s1mut strains and performed native PAGE immunoblotting

in the presence of ATP (Figure 6C; Figure S6D–S6F). The rpt2-EQ

rpn5-s1mut double mutant had a similar amount of free RP and

CP compared to rpn5 s1mut alone, suggesting that ATP binding

by this subunit does not affect RP-CP association. However, the

RP-CP defect was absent from rpt3-EQ rpn5-s1mut extracts. In

surprising contrast, the defect was exacerbated in the rpt6-EQ

rpn5-s1mut double mutant, which displayed almost undetect-

able levels of RP2CP. The rpt2-EQ and rpt6-EQ mutations did

not affect binding of Nas6 to RP, because we readily detected

Nas6-bound RP in native immunoblots (Figure S6F). Although

the lack of free RP in rpn5-s1mut rpt3-EQ cells precluded direct

analysis of Nas6 binding to RP by native PAGE, purified rpt3-EQ

base bound Nas6 in vitro (data not shown). Altogether, these

data indicate that the nucleotide states of Rpt3 and Rpt6 regu-

late Rpn5-dependent RP-CP stability. Considering that Rpt6

does not contact Nas6 or Rpn5 directly, the rpt6-EQ mutation

must act allosterically through one of its neighboring ATPases:

Rpt2 or Rpt3. Because the rpt2-EQ mutation had no impact on
RP-CP association, Rpt6 most likely acts through Rpt3. The

enhancement of the rpn5-s1mut defect in rpt6-EQ yeast sug-

gests that nucleotide binding by Rpt6 negatively regulates ATP

binding by Rpt3. Altogether, these data indicate an allosteric

pathway in which conformation-dependent contact of Rpn5

with the base promotes nucleotide-dependent eviction of Nas6

by Rpt3.

DISCUSSION

We show that eviction of Nas6 from nascent 26S proteasomes

depends on the formation of conformation-specific contacts be-

tween the lid subunit Rpn5 and the base and that Rpt3 is thema-

jor effector of this conformation-dependent eviction. These con-

tacts are dispensable for proteasome assembly either when

Nas6 is absent or when the influence of Rpn5 on Rpt3 is by-

passed via provision of ATPgS or introduction of the rpt3-EQ

mutation. These data, together with our modeling, reveal an allo-

steric pathway of communication between the lid and the RP-CP

interface critical for efficient proteasome assembly. Our data are

fully consistent with, and conceptually link, previous studies

implicating Rpt3 and Rpt6 in controlling Nas6-dependent pro-

teasome assembly (Sokolova et al., 2015), recent structures of

gankyrin-bound RP (Lu et al., 2017), and the previously reported

dependence of RP-CP assembly on nucleotide binding (Beck-

with et al., 2013; Kim et al., 2013; Lee et al., 2012; Li et al.,

2017). We posit that assembly-coupled conformational changes

in other chaperone-bound ATPase subunits within the protea-

some may function similarly to release their cognate bound

chaperones, although whether allosteric interactions with other

RP subunits are required remains unknown.

One of the most notable features of the gankyrin-bound RP

compared to the RP in the context of the 26S proteasome is a

large lockwasher-like split in the ATPase ring between Rpt3
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Figure 7. Proposed Model for Rpn5- and

Rpt3-Dependent Nas6 Chaperone Eviction

Model for Rpn5- and Rpt3-dependent Nas6 evic-

tion. An opening between Rpt3 and Rpt4 seen in

the RP-gankyrin structure accommodates both

Rpn5 (blue triangle) and Nas6 (green) and allows

docking of the RP-Nas6 complex onto the CP

surface. Docking of the RP onto the CP closes the

Rpt3 nucleotide binding pocket, allowing ATP

binding and an s1-like state to form. The resultant

conformational remodeling of Rpt3 leads to Nas6

eviction via steric conflict with the lid and/or CP.
and Rpt4 (Lu et al., 2017). This split is not observed in available

structures of the mature 26S proteasome. In the context of the

free RP, this split provides space for both Rpn5 and Nas6 or gan-

kyrin to stably contact the base (Figure 1D). However, this split

results in a highly open Rpt3 nucleotide binding pocket that likely

would have a poor affinity for nucleotide due to reduced contact

by Rpt4. Formation of a closed Rpt3 nucleotide binding pocket

would then allow ATP binding, which in turn could promote evic-

tion of Nas6. Our cryo-EM studies suggest that Rpt3 adopts an

ATP bound-like state in s1, whereas Rpt6 assumes an empty-

like state (Eisele et al., 2018). This is consistent with our findings

that ATP binding by Rpt3 and Rpt6 reciprocally control RP-CP

interaction (Figure 6C) and the dependence on the Rpn5 s1 con-

tact with the base. Given that Rpn5 makes direct contact with

both Rpt3 and Rpt4 in the s1 state (Unverdorben et al., 2014),

we propose that Rpn5may help to seal the ATPase ring upon as-

sociation of the chaperone-bound RP with the CP (Figure 7).

Such a model rationalizes the dependence on the Rpn5 s1 con-

tact, as well as the impact of the rpt3-EQ mutation on Nas6-

dependent proteasome assembly. One important implication

for biochemical studies of proteasome biogenesis derives from

most in vitro experiments on RP assembly having been per-

formed with base purified by dissociating mature 26S protea-

somes (Leggett et al., 2005). If assembly-coupled ring closure

is irreversible and triggered by RP-CP interaction, then this

purified base may not perfectly mimic the native RP assembly

intermediate. This may explain a report (Li et al., 2017)

that preincubation of purified, Nas6-bound base with ATPgS

reduced its association with the lid, whereas preincubation

with ATP reduced its association with the CP, which we have
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also observed (data not shown) and is

seemingly at odds with the association

of all three subcomplexes and our cell-

based ATPgS experiments (Figure 6).

Further structural studies will be neces-

sary to address this possibility.

Nas6 reciprocally blocks lid-base or

base-CP association in a manner depen-

dent on the nucleotide state of the base

via steric clash with Rpn6 or the CP,

respectively (Li et al., 2017). How these

seemingly antithetical steric conflicts are

overcome to allow 26S proteasome for-

mation has been unclear. It was pro-
posed that the RP must cycle through both s3-like and s1-like

states to allow base-CP association and base-lid association,

respectively, with Nas6 release associated with the s1-like state

(Li et al., 2017). The finding that gankyrin-RP assumes an open-

ring state that can support formation of a ternary gankyrin-RP-

CP complex without obvious steric clash between gankyrin

and Rpn6 or the CP (Lu et al., 2017) may circumvent the pro-

posed requirement for an s3-like state that is seemingly incom-

patible with lid-base association. Our findings that formation of

the Rpn5 s1 contact is crucial for successful RP-CP association

and is regulated by ATP binding by Rpt3 and Rpt6 are consistent

with both studies and clarify how conformational changes com-

plete 26S proteasome maturation. Altogether, these works indi-

cate that Nas6 can control two distinct proteasome assembly

steps (lid-base or base-CP association versus RP-CP associa-

tion) via conformation-dependent clashes with two distinct lid

subunits. The relative contributions of each function to CP-

dependent versus CP-independent RP assembly remain to be

determined.

Assembly of the RP and CP was previously linked to the

interaction of the Rpt3 and Rpt6 C-terminal tails with the sur-

face of the CP (Sokolova et al., 2015) and was proposed to

trigger Nas6 eviction upon RP-CP association (Li et al., 2017).

Furthermore, the rpt3-D1 mutant, which cannot engage the

CP effectively due to truncation of its C-terminal tail, was

shown to accumulate Nas6 on mature proteasomes (Park

et al., 2009). In light of these observations and our current

work, we speculate that docking of the Rpt3 tail may be trig-

gered by ATP binding to Rpt3 and that the resultant tight inter-

action with the CP allows for the shoehorning of Nas6 from



Rpt3 in a manner dependent on the Rpn5 s1 contact. Alterna-

tively, docking of the tail may help drive closure of the Rpt3

nucleotide pocket during assembly to allow ATP binding and

subsequent Nas6 eviction. We favor the former possibility

partly because rpt3-D1 yeast do not display the overt proteo-

lytic defects that would be anticipated from a structurally

defective ATPase ring (Park et al., 2009). Furthermore, our

data are most consistent with Rpn5 promoting the closed,

ATP-bound state of Rpt3 via its conformation-specific interac-

tion with Rpt3-Rpt4.

Rpt3 and Rpt6 reciprocally control RP-CP stability during 26S

proteasome assembly. Our data suggest that Rpt6 allosterically

regulates Rpt3 ATP binding, as expected based on mechanistic

studies of the archaeal proteasomal ATPase (Kim et al., 2015;

Smith et al., 2011) and of related AAA+ family ATPases (Stinson

et al., 2013). This can be understood if the proteasomal ATPase

ring undergoes counterclockwise rotary hydrolysis, as has been

proposed (de la Peña et al., 2018; Eisele et al., 2018; Kim et al.,

2015). In this model, the ATP-bound subunits are trailed by ADP-

bound (or potentially, empty) subunits (de la Peña et al., 2018;

Eisele et al., 2018; Kim et al., 2015). If the assumption is made

that introduction of an rpt-EQ mutation stalls the proteasome

in a configuration in which the rpt-EQ subunit is the lagging

ATP-bound subunit, then the rpt3-EQ mutation would be pre-

dicted to stall proteasomes with Rpt3 in an ATP-bound state.

In contrast, the rpt6-EQ mutant would instead stall with Rpt3

in an ADP-bound (or empty) state. This has implications for

the sequence of conformational dynamics during assembly.

Because Rpt3 and Rpt6 assume ATP-bound and ADP or empty

conformations in the s1 state, respectively (Eisele et al., 2018),

and because Rpt6 assumes an ATP-bound conformation in all

known s3-like states (Eisele et al., 2018), RP-CP docking most

likely must initiate via formation of an s1-like state rather than

an s3-like state. This passage first through an s1-like state,

leading to Nas6 eviction, may explain the lack of an obvious

assembly defect in rpn5-s3mut (Figure 2B), despite substantial

steric clash with Nas6 (Figure 1C).

Because such conformation-coupled eviction of Nas6 de-

pends on both formation of appropriate lid-base contacts and

nucleotide binding by ATPase subunits, chaperone eviction

may act as a checkpoint during assembly to ensure that only

functional RP that can assume the s1 conformation will stably

dock with CP to form 26S proteasomes. A structurally or func-

tionally defective proteasome (represented in our study by the

rpn5-s1mut) would thereby fail to eject Nas6, leading to aborted

RP-CP docking, as we have observed (Figure 2B). In this way,

Nas6 (and potentially the other chaperones) may protect against

formation of nascent 26S proteasomes that are functionally or

conformationally defective, which warrants further investigation.

A similar functional and conformational checkpoint has been

demonstrated for the ribosome (Ghalei et al., 2017). In this

checkpoint, nascent 40S ribosomes are tested for their ability

to undergo conformational changes important for protein trans-

lation, and only upon successful completion of this test do the

bound assembly factors dissociate to complete maturation.

Such a checkpoint-like function of Nas6 could potentially be ex-

ploited therapeutically. There is increasing interest in impairing

proteasome assembly as a novel means of cancer therapy (Gri-
goreva et al., 2015; Izumikawa et al., 2010), and gankyrin is over-

expressed in many human cancers (Fu et al., 2002; He et al.,

2016; Hwang et al., 2014; Liu et al., 2014; Sakurai et al., 2017).

These gankyrin-overexpressing cancers may be particularly

sensitive to inhibition of proteasome assembly upon blockade

of ATP binding by Rpt3.
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functions of the Hsm3 protein in chaperoning and scaffolding regulatory parti-

cle subunits during the proteasome assembly. Proc. Natl. Acad. Sci. USA 109,

E1001–E1010.

Beckwith, R., Estrin, E., Worden, E.J., and Martin, A. (2013). Reconstitution of

the 26S proteasome reveals functional asymmetries in its AAA+ unfoldase.

Nat. Struct. Mol. Biol. 20, 1164–1172.

Chen, P., Johnson, P., Sommer, T., Jentsch, S., and Hochstrasser, M. (1993).

Multiple ubiquitin-conjugating enzymes participate in the in vivo degradation

of the yeast MAT alpha 2 repressor. Cell 74, 357–369.

Chen, S., Wu, J., Lu, Y., Ma, Y.B., Lee, B.H., Yu, Z., Ouyang, Q., Finley, D.J.,

Kirschner, M.W., and Mao, Y. (2016). Structural basis for dynamic regulation

of the human 26S proteasome. Proc. Natl. Acad. Sci. USA 113, 12991–12996.

Dambacher, C.M., Worden, E.J., Herzik, M.A., Martin, A., and Lander, G.C.

(2016). Atomic structure of the 26S proteasome lid reveals the mechanism of

deubiquitinase inhibition. eLife 5, e13027.

de la Peña, A.H., Goodall, E.A., Gates, S.N., Lander, G.C., and Martin, A.

(2018). Substrate-engaged 26S proteasome structures reveal mechanisms

for ATP-hydrolysis-driven translocation. Science 362, eaav0725.

Eisele, M.R., Reed, R.G., Rudack, T., Schweitzer, A., Beck, F., Nagy, I., Pfeifer,

G., Plitzko, J.M., Baumeister, W., Tomko, R.J., Jr., et al. (2018). Expanded

Coverage of the 26S Proteasome Conformational Landscape Reveals Mech-

anisms of Peptidase Gating. Cell Rep. 24, 1301–1315.

Fu, X.Y., Wang, H.Y., Tan, L., Liu, S.Q., Cao, H.F., and Wu, M.C. (2002). Over-

expression of p28/gankyrin in human hepatocellular carcinoma and its clinical

significance. World J. Gastroenterol. 8, 638–643.

Funakoshi, M., Tomko, R.J., Jr., Kobayashi, H., and Hochstrasser, M. (2009).

Multiple assembly chaperones govern biogenesis of the proteasome regu-

latory particle base. Cell 137, 887–899.

Geng, F., and Tansey, W.P. (2012). Similar temporal and spatial recruitment of

native 19S and 20S proteasome subunits to transcriptionally active chromatin.

Proc. Natl. Acad. Sci. USA 109, 6060–6065.

Ghalei, H., Trepreau, J., Collins, J.C., Bhaskaran, H., Strunk, B.S., and Karb-

stein, K. (2017). The ATPase Fap7 Tests the Ability to Carry Out Transloca-

tion-like Conformational Changes and Releases Dim1 during 40S Ribosome

Maturation. Mol. Cell 67, 990–1000.

Grigoreva, T.A., Tribulovich, V.G., Garabadzhiu, A.V., Melino, G., and Barlev,

N.A. (2015). The 26S proteasome is a multifaceted target for anti-cancer ther-

apies. Oncotarget 6, 24733–24749.

Guo, Q., Lehmer, C., Martı́nez-Sánchez, A., Rudack, T., Beck, F., Hartmann,
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Rpt1 Geng and Tansey, 2012 Clone 19S-2

Anti-Rpt5 Enzo Life Sciences Cat# PW8245; RRID:AB_10555018

Anti-Rpn12 Eisele et al., 2018 N/A

Anti-20S Enzo Life Sciences Cat# PW9355; RRID:AB_11177757

Anti-GFP Roche Cat# 11814460001; RRID:AB_390913

Anti-FLAG Sigma Aldrich Cat# F3165; RRID:AB_259529

Anti-b-actin Sigma Aldrich Cat# A5441-1VL; RRID:AB_476744

Anti-Nas6 Funakoshi et al., 2009 N/A

Anti-Rpn14 Funakoshi et al., 2009 N/A

Anti-Nas2 Funakoshi et al., 2009 N/A

Anti-Hsm3 Funakoshi et al., 2009 N/A

Anti-ubiquitin Santa Cruz Biotech Cat# sc-8017; RRID:AB_628423

Anti-V5 Life Technologies Cat# 46-0705; RRID:AB_2556564

Anti-glucose-6-phosphate dehydrogenase

(G6PD)

Sigma Aldrich Cat# A9521-1VL; RRID:AB_258454

Bacterial and Virus Strains

TOP10 F’ Life Technologies Cat #C303003

LOBSTR-BL21 (DE3) Kerafast Cat # EC1001

Chemicals, Peptides, and Recombinant Proteins

Adenosine triphosphate (ATP) Sigma-Aldrich Cat# A2383

Adenosine 50-[g-thio]triphosphate (ATPgS) Enzo Life Sciences Cat# ALX-480-066- M005

3X FLAG� Peptide Sigma-Aldrich Cat# F4799

ANTI-FLAG� M2 Affinity Agarose Gel Sigma-Aldrich Cat# A2220

Creatine phosphokinase Sigma-Aldrich Cat# CK-RO Roche

Creatine phosphate, disodium salt Sigma-Aldrich Cat# 2380 EMD MILLIPORE

Suc-LLVY-AMC R&D Systems Cat# S28005M

Gelcode Blue stain reagent Thermo Scientific Cat# 24592

5-fluoroorotic acid RPI Corp. Cat# F10501-10.0

Experimental Models: Organisms/Strains

S. cerevisiae strain RTY1 (aka MHY500) Chen et al, 1993 N/A

For isogenic mutants of RTY1 used herein,

see Table S1.

This study N/A

Recombinant DNA

For plasmids used herein, see Table S2. This study N/A

Software and Algorithms

Prism 7 GraphPad https://www.graphpad.com/scientific-

software/prism/

Image Lab Bio-Rad http://www.bio-rad.com/en-us/product/

image-lab-software?ID=KRE6P5E8Z

Pymol Schrödinger https://pymol.org/2/

UCSF Chimera Pettersen et al., 2004 http://www.cgl.ucsf.edu/chimera/
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Robert J.

Tomko Jr. (robert.tomko@med.fsu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All yeast strains were grown in YPD medium at 30�C, except for RPT Walker B mutants and their derivatives, which were grown at

25�C. When selection for a plasmid was necessary, strains were grown in synthetic dropout medium lacking the appropriate auxo-

trophic agent at 30�C or 25�C as above.

METHOD DETAILS

Yeast strains and media
All yeast manipulations were carried out according to standard protocols (Guthrie and Fink, 1991). Yeast strains used in this study are

listed in Table S1. We created yeast strains with chromosomal deletions of RPN5 or SCL1 (a1) covered by a URA3-marked plasmid

bearing the corresponding WT allele. Single mutant strains were crossed, and double mutants were isolated after sporulation and

dissection. Double mutants were identified via growth on selective media and/or colony PCR. WT or mutant proteasome subunit

alleles on LEU2- or TRP1-marked plasmids (Mumberg et al., 1995) were then introduced into the double mutant strain, and the

URA3-marked plasmids were evicted by selection on 5-fluoroorotic acid media. For growth assays, the indicated strains were

spotted as six-fold serial dilutions in water onto the indicated media.

Plasmids
All plasmids were constructed using standardmolecular cloning techniques using TOP10 F’ (Invitrogen) as a host strain. QuikChange

(Agilent) was used for site-directedmutagenesis and the resultant plasmids were sequenced prior to use. Plasmids used in this study

are listed in Table S2.

Molecular modeling and measurement of clash
The structure of the Rpt3 C-terminal domain (as part of a Nas6-Rpt3 complex, PDB: 2ZDN) was aligned with Rpt3 over residues

350-410 in the s1 (PDB: 4CR2), s2 (PDB: 4CR3), s3 (PDB: 4CR4), s4 (PDB: 5MCP), s5 (PDB: 6FVX), and s6 (PDB: 6FVY) conformations

of the yeast proteasome using Pymol. RMSD over all backbone atoms was% 2 Å in each case. Steric clash was identified by visual

inspection in space-filling mode. The Nas6-Rpt3 crystal structure contains three protomers in the asymmetric unit; the clashes re-

ported were observed when any of the protomers were used for alignment.

For measurement of steric clash, structures were first superimposed via alignment of Rpt3-C domains using theMatchmaker com-

mand in UCSFChimera (Pettersen et al., 2004). Steric clash was thenmeasured via the Find Clashes/Contacts command using Nas6

as the reference chain against either full-length Rpn5 or the full CP a ring. The minimum van der Waals overlap was set to 2.0 Å to

account for ambiguity in the EM model based on the above finding that RMSD for Rpt3-C alignment was % 2Å.

Non-denaturing polyacrylamide gel electrophoresis
For analysis of cell extracts, 60 mg of total protein was separated by 4% non-denaturing PAGE as described previously (Nemec et al.,

2017). Specifically, cells were grown to OD600 z2.0, harvested by centrifugation at 8,000 x g for five minutes at RT, followed by

washing in 25 mL of ice-cold dH2O. Cells were centrifuged again at 5,000 x g for two minutes, 4�C, and the supernatant was poured

off. Cell pellets were then frozen in liquid nitrogen and ground into powder using amortar and pestle. Cell powder was hydrated in one

powder volume of extraction buffer (50 mM Tris-Cl, pH 7.5, 5 mMMgCl2, 10% glycerol, 1 mM ATP, 0.015% w/v xylene cyanol), and

incubated with frequent vortexing for 10 minutes on ice. In some experiments, ATP was replaced with ATPgS. Cell debris was

removed by centrifugation at 21,000 x g for 10 minutes at 4�C. Supernatants containing equal amounts of protein (determined by

BCA assay) were loaded onto 4% native polyacrylamide gels cast with 0.5 mM ATP and with a 3.5% polyacrylamide stacker con-

taining 2.5% sucrose and 0.5 mM ATP. Samples were electrophoresed at 100 V, 4�C until the dye front escaped.

Immunoblot analyses
Proteins separated by native PAGE or SDS-PAGE were transferred to PVDFmembranes and immunoblotted with antibodies against

Rpn12 (1:5000), 20S (1:2500), Rpt1 (1:10,000), FLAG (1:5000), b-actin (1:5000), ubiquitin (1:1000), V5 (1:5000), G6PD (1:20,000), Rpt5

(1:10,000), Rpn14 (1:5000), Nas2 (1:5000), Hsm3 (1:5000), or Nas6 (1:10,000). Blots were imaged on a Bio-Rad ChemiDoc MP using

HRP-conjugated secondary antibodies (GE Healthcare) and ECL reagent.

Purification of nas6D base from yeast
Base lacking Nas6 was isolated from strain RTY2078 via FLAG affinity, followed by gel filtration to remove contaminating assembly

intermediates. Six liters of YPD inoculated with RTY2078 was grown until saturation, followed by harvesting at 8000 x g for 5minutes,
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4�C. The cell pellet was washed once in 250 mL of dH2O, and snap-frozen in liquid nitrogen. The frozen cells were then ground into

powder using a SPEX 6850 freezer mill, and stored at�80�C. The day of purification, the cell powder was thawed in an equal volume

of yBase Buffer (50mMHEPES,OH, pH 7.5, 50mMNaCl, 50mMKCl, 5 mMMgCl2, 0.5mMEDTA, 10%glycerol) supplemented with

500 mM ATP and 0.05% NP-40 and stirred until thawed. The insoluble debris was pelleted at 30,000 x g for 20 minutes, 4�C, and the

supernatant was added to FLAGM2 agarose and allowed to mix for 90 minutes. The resin was collected at 1500 x g for two minutes,

4�C, and the supernatant was decanted. The resin was then washed three times in yBase buffer containing ATP but not NP-40, fol-

lowed by elution via incubation with 200 mg/mL 3xFLAG peptide for 45minutes at 4�C. The eluted complexes were then concentrated

in a 30,000 Da MWCO filter (Amicon), and further purified by gel filtration on a Superose 6 10-30 column in yBase Buffer supple-

mented with 500 mM ATP. Pure fractions were pooled, concentrated as above, snap-frozen in liquid nitrogen, and stored at

�80�C in small aliquots.

Purification of CP from yeast
CP was purified from strain RTY366 (Sá-Moura et al., 2013) essentially as described for the nas6D base, but with the following ex-

ceptions: 1) CP Buffer (50mMTris,Cl, pH 7.5, 50mMNaCl, 50mMKCl, 0.5mMEDTA) lacking ATP and containing 0.05%NP-40was

used for protein extraction; 2) the FLAG resin was washed with CPWash Buffer (50mM Tris,Cl, pH 7.5, 500mMNaCl, 0.5mMEDTA,

0.05% NP-40) instead of yBase buffer; and 3) gel filtration was performed in CP Buffer.

Purification of recombinant Nas6, Rpn14, and Ub4-GFP-Tail
Nas6, Rpn14, and Ub4-GFP-Tail were expressed as C-terminal 6His fusions from plasmids pRT37, pRT39, and pRT1887, respec-

tively, in bacterial strain LOBSTR (DE3) cotransformed with pRARE2. Transformants were grown in 2 L of LB and the appropriate

antibiotics at 37�C, 250 rpm shaking until OD600 = 0.6, at which point the temperature was reduced to 16�C and IPTG was added

to 0.5 mM. After overnight induction, cultures were centrifuged at 8000 x g for 5 minutes, 4�C, the supernatant was poured off,

and cells were frozen at �80�C until purification. The day of purification, cells were thawed in NPI-10 (10 mM sodium phosphate,

pH 8.0, 300 mM NaCl, 10 mM imidazole), and lysed with an Avestin Emulsiflex C-5. Lysates were clarified via centrifugation at

30,000 x g for 20 minutes, 4�C, and the supernatant was incubated with Ni-NTA resin for 30 minutes at 4�C. After two washes

with NPI-10, the resin was poured into a disposable Bio-Rad Econo-column, washed with NPI-20 (10 mM sodium phosphate,

pH 8.0, 300 mM NaCl, 20 mM imidazole), and eluted with NPI-500 (10 mM sodium phosphate, pH 8.0, 100 mM NaCl, 500 mM

imidazole). Eluates were concentrated using 10,000 Da MWCO filters (Amicon), and further purified by gel filtration on a Sephacryl

S-200 column in Lid Buffer (50 mM HEPES,OH, pH 7.5, 100 mM NaCl, 100 mM KCl, 5% glycerol). Pure fractions were pooled,

concentrated as above, and snap-frozen as small aliquots in liquid nitrogen for storage at �80�C.

Purification of recombinant Rpn10
Rpn10 was expressed from pRT205 as an N-terminal 6His fusion in bacterial strain LOBSTR (DE3) cotransformed with pRARE2.

Transformants were grown in 2 L of LB and the appropriate antibiotics at 37�C, 250 rpm shaking until OD600 = 0.6, at which point

the temperature was reduced to 30�C and IPTG was added to 0.5 mM. After four hours, cultures were centrifuged at 8000 x g for

5 minutes, 4�C, the supernatant was poured off, and cells were frozen at �80�C until purification. The day of purification, cells

were thawed in Buffer A (50 mM tris,Cl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 10% glycerol) supplemented with 20 mM imidazole,

and lysed with an Avestin Emulsiflex C-5. Lysates were clarified via centrifugation at 30,000 x g for 20 minutes, 4�C, and the super-

natant was incubated with Ni-NTA resin for 30 minutes at 4�C. After two washes with Buffer A containing 20 mM imidazole, the resin

was poured into a disposable Bio-Rad Econo-column, washed again, and eluted with Buffer A containing 500mM imidazole. Eluates

were concentrated using 10,000DaMWCOfilters (Amicon), and further purified by gel filtration on a Sephacryl S-200 column in Buffer

A. Pure fractions were pooled, concentrated as above, and snap-frozen as small aliquots in liquid nitrogen for storage at �80�C.

Purification of recombinant lid complexes
Fully recombinant lid complex and the s1mut lid were expressed either with N-terminal 6His-FLAG tags on Rpn6 from plasmids

pRT972 and pRT1609 (WT lid) or pRT1776 (s1mut-lid), or as N-terminal MBP-3Cx fusions to Rpn6 from plasmids pRT972 and

pRT945 (WT lid) or pRT2100 (s1mut-lid). All forms of the lid were expressed in LOBSTR (DE3) cotransformed with pRARE2. Trans-

formants were grown in 2 L of terrific broth and the appropriate antibiotics at 37�C until OD600 = 1.0, at which point the temperature

was reduced to 16�C and IPTG was added to 0.5 mM. After overnight induction, cultures were centrifuged at 8000 x g for 5 minutes,

4�C, the supernatant was poured off, and cells were immediately processed for purification.

For 6His-FLAG-tagged WT and mutant lid, the cells were resuspended in Lid Buffer supplemented with 5 mM b-mercaptoethanol,

20 mM imidazole, and 1 mM PMSF, and lysed with an Avestin Emulsiflex C-5. Lysates were clarified via centrifugation at 30,000 x g

for 20 minutes, 4�C, and the supernatant was incubated with Ni-NTA resin for 30 minutes at 4�C. After two washes with Lid Buffer

supplemented with 5 mM b-mercaptoethanol and 20 mM imidazole, the resin was poured into a disposable Bio-Rad Econo-column,

washed again, and elutedwith Lid Buffer supplementedwith 500mM imidazole. Eluateswere concentrated using 100,000DaMWCO

filters (Amicon), and further purified by gel filtration on a Superose 6 10-30 column equilibrated in Lid Buffer. Pure fractions were

pooled, concentrated as above, and snap-frozen as small aliquots in liquid nitrogen for storage at �80�C.
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For MBP-taggedWT andmutant lid, the cells were resuspended in Lid Buffer supplemented with 1 mMDTT and 1 mMPMSF, and

were lysed and clarified as above. The supernatant was then incubated with amylose resin for 30 minutes at 4�C. After two washes

with Lid Buffer supplemented with 1 mM DTT, the resin was poured into a disposable Bio-Rad Econo-column, washed again, and

eluted with Lid Buffer containing 20 mM D-maltose. The MBP tag was cleaved from the eluted complexes overnight at 4�C via addi-

tion of 10mMDTT and a 1:20 (w/w) amount of HRV-3C protease, and the cleaved tag and proteasewere separated via gel filtration on

a Superose 6 10-30 column equilibrated in Lid Buffer. Pure fractions were pooled, concentrated as above, and snap-frozen as small

aliquots in liquid nitrogen for storage at �80�C.

Mass spectrometric analysis
Proteasomes were purified from rpn5D cells expressing rpn5 s1mut-3xFLAG from a plasmid. The RP* band was excised from native

PAGE gels, and submitted to the FSU-COM Translational Science Laboratory for in-gel trypsinization and analysis by LC-MS/MS.

In vitro assembly assays
Purified proteins were mixed at final concentrations of 20 nM CP, 40 nM lid or base, 200 nM Rpn10, and 1 mM Nas6 or Rpn14 and

incubated at 30�C for indicated times in extraction buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 10% glycerol, 0.5 mM ATP).

Reactions were cooled on ice and 15 mL of samples were separated by native PAGE for immunoblotting. For Figure S4E, the con-

centrations were 100 nM CP, 200 nM lid or base, 200 nM Rpn10, and 1 mM Nas6.

Multiple turnover degradation assays
Degradation assays were conducted at 30�C in 26S Buffer (50 mM Tris,Cl, pH 7.5, 50 mM NaCl, 50 mM KCl, 5 mM MgCl2, 1 mM

EDTA, 10% glycerol, 1 mM DTT) with an ATP-regenerating system (60 mg/mL creatine kinase, 16 mM creatine phosphate, 5 mM

ATP). Proteasomes were reconstituted from 100 nM purified CP, 200 nM yBase, 200 nM recombinant Rpn10, and 1 mM recombinant

WT or rpn5 s1mut lid. Degradation assays were initiated by addition of 2 mM Ub4-GFP-Tail, and degradation was monitored by the

loss of GFP fluorescence (ex 479 nm, em 520 nm) on a BioTek Synergy H1MF. After 900 s, the instrument was paused, either buffer or

1 mM recombinant Nas6 was added, and degradation was monitored for another 900 s. The degradation rate remained linear for

greater than 2400 s under these conditions, indicating that multiple turnover conditions weremaintained for the duration of the assay.

Peptidase stimulation assays
Analysis of suc-LLVY-AMC hydrolysis by reconstitutedWT or s1-mut lid-containing 26S proteasomeswas conducted in the absence

of Nas6 in 384-well black microplates on a Biotek Synergy H1MF. Proteasomes were reconstituted from 10 nM purified CP, 40 nM

purified nas6D yBase, 40 nMWT or s1-mut lid, and 40 nM recombinant Rpn10 for 15 minutes at 30�C in 26S Buffer with ATP-regen-

erating system (50 mM HEPES-OH, pH 7.5, 50 mM NaCl, 50 mM KCl, 5 mM MgCl2, 10% glycerol, 0.5 mM ATP, 60 mg/mL creatine

kinase, and 16 mM creatine phosphate), at which point 50 mM suc-LLVY-AMC was added. Fluorescence from liberated AMC

(ex 360 nm, em 460 nm) was monitored for 900 s. Relative rates were determined from the initial slopes of fluorescence versus

time, and plotted as percent of CP alone.

Co-immunopreciptiations
Immunoprecipitations were performed as previously described (Tomko et al., 2010), except 3 mg of total protein was used per

sample. Yeast cell extracts were prepared as described for native PAGE analysis, except that the cell powder was thawed in

Buffer A supplemented with 500 mM ATP or ATPgS. Extracts were centrifuged for 10 minutes at 21,000 x g to remove cell debris.

After determining protein concentration, normalized samples were incubated with 50 mL of FLAG-M2 agarose for 90 minutes

at 4�C, washed three times with ice-cold Buffer A containing 500 mM ATP or ATPgS, and bound proteins were eluted with

200 mg/mL 3xFLAG peptide for 45 minutes at 4�C. Eluates were analyzed by immunoblotting as described above.

Nas6 eviction assays
200 nM purified nas6D yBase was pre-incubated or not with 200 nM purified Nas6 for 15 minutes at 30�C in extraction buffer con-

taining 0.5mMATP. Themixture was then added to 20 mL of anti-FLAGM2 agarose (Sigma) for one hour at 4�C. The beads were then

washed twice with extraction buffer containing 0.5 mM ATP, and 200 nM WT or s1mut lid, 200 nM Rpn10, and 100 nM CP were

added. The mixture was then incubated at 30�C for 15 minutes, and the beads were pelleted at 1200 x g for one minute, 4�C. An
aliquot of the supernatant was collected to assess Nas6 release. The beads were then washed 1x in extraction buffer containing

0.5mMATP to remove any residual unbound proteins trapped in the resin, pelleted again, and boiled in Laemmli buffer to elute bound

proteins.

Conformation-selective engineered disulfide crosslinking
Yeast expressing proteins with the desired cysteine substitutions were grown to mid-log phase, and 20 OD600 equivalents were har-

vested and converted to spheroplasts. These were lysed in 150 mL of ice-cold lysis buffer (50mMHEPES, pH 7.5, 150mMNaCl, 5mM

MgCl2) containing 2mM nucleotide (ATP or AMP-PNP). The cells were lysed by vortexing three times at top speed for 30 s with 1 min
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intervals on ice in between. The lysates were centrifuged at 21,000 x g at 4�C for 10 min. The protein content of supernatants

was normalized with lysis buffer containing the appropriate nucleotide. Crosslinking was initiated with 250mM CuCl2 at 25
�C. After

10minutes,N-ethylmaleimide was added to 10mMand EDTAwas added to 10mMfinal concentration to halt additional crosslinking.

Samples were boiled in non-reducing Laemmli buffer, loaded onto 10% SDS-PAGE gels, and separated by electrophoresis at 200 V

before immunoblotting with antibodies against V5 or G6PD as a control.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed at least twice, with most experiments being repeated three or more times. Statistical analysis was

carried out using Graph Pad Prism 7.0 software using a one-way ANOVA with Tukey’s test for multiple comparisons (Figure S3C).

Statistical significance was considered p < 0.05. Exact values of N for each experiment can be found in the figure legends.
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Supplementary Table S1 related to all figures: yeast strains used in this study. 

 

Strain Genotype Source 

RTY170 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

RPN5-6xGly-3xFLAG:hphMX4 (AKA MHY5840) 

Sa-Moura et al, 

2013 

RTY366 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

PRE1-6xGly-3xFLAG:kanMX6 (AKA MHY6952) 

Sa-Moura et al, 

2013 

RTY1155 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2    

rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-FLAG, aka 

pRT378] 

This study 

RTY1349  MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-FLAG] 

rpt3Δ::HIS3  [YCplac33-RPT3] 

This study 

RTY1350 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-FLAG 

rpt6Δ::HIS3  [YCplac33-RPT6] 

This study 

RTY1419 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4 [pRS316-RPN5-GFP(S65T)-FLAG] 

rpt2Δ::HIS3 [pRS316-RPT2] 

This study 

RTY1602 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn10Δ::HIS3 rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-

FLAG] 

This study 

RTY1620 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

scl1Δ::natMX4 [pRS316-SCL1] 

This study 

RTY1638 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-FLAG] 

scl1Δ::natMX4  [pRS316-SCL1] 

This study 

RTY1668 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-FLAG] rpn10-

uim:kanMX 

This study 

RTY1670 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4    [pRS316-RPN5-GFP(S65T)-FLAG] rpt6-

Δ1:natMX4 

This study 

RTY1672 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4    [pRS316-RPN5-GFP(S65T)-FLAG] rpt3-

Δ1:kanMX6 

This study 

RTY1674 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-FLAG] rpt5-

Δ1:natMX4 

This study 

RTY1676 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4    [pRS316-RPN5-GFP(S65T)-FLAG] rpt2-

Δ1:kanMX6 

This study 

RTY1678 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4    [pRS316-RPN5-GFP(S65T)-FLAG] rpt1- 

Δ1:kanMX6 

This study 



RTY1689 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4    [pRS316-RPN5-GFP(S65T)-FLAG] rpt4-

Δ1:natMX4 

 

This study 

RTY1973 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4    [pRS316-RPN5-GFP(S65T)-FLAG] 

nas6Δ::HIS3 

This study 

RTY2078 MATa his3-Δ200 leu2-Δ1 ura3-52 lys2-801 trp1-Δ63 ade2-101 

RPN1-TEVx-3xGly-3xFLAG:HIS3  nas6Δ::HIS3 

rpn10Δ::kanMX4 

This study 

RTY2150 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn4Δ::kanMX6 rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-

FLAG] 

This study 

RTY2172 MATα his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-FLAG] NAS6-

6xGly-3xFLAG:kanMX6 

This study 

RTY2264 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4    [pRS316-RPN5-GFP(S65T)-FLAG] 

rpn7(D123C)-6xGly-V5:kanMX6 rpt2(R407C):natMX4 

This study 

RTY2276 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-FLAG] RPN14-

6xGly-3xFLAG:kanMX6 

This study 

RTY2278 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-FLAG] HSM3-

6xGly-3xFLAG:kanMX6 

This study 

RTY2280 MATa his3-Δ200 leu2-3,112 ura3-52 lys2-801 trp1-1 gal2 

rpn5Δ::hphMX4  [pRS316-RPN5-GFP(S65T)-FLAG] NAS2-

6xGly-3xFLAG:kanMX6 

This study 

 

  



Supplementary Table S2 related to all figures: plasmids used in this study. 

 

Plasmid Genotype Source 

pRT7 YCplac33-RPT3 Tomko et al, 

2010 

pRT37 pET42b-Nas6-6His This study 

pRT39 pET42b-Rpn14-6His This study 

pRT128 p426GPD Mumberg et al, 

1995 

pRT205 pET28a-Rpn10 Tomko et al, 

2015 

pRT364 YCplac111-RPT3 Tomko et al, 

2010 

pRT378 pRS316-RPN5-GFP(S65T)-FLAG This study 

pRT702 YCplac111-RPT2 Tomko et al, 

2010 

pRT945 pCDF42b-6His-MBP-3Cx- Rpn6 : Rpn9 : Rpn11 : Rpn5 : 

Rpn8 

Tomko and 

Hochstrasser, 

2014 

pRT972 pET42b-Rpn3 : Sem1 : HA-Rpn7 : Rpn12 Tomko et al, 

2015 

pRT1289 pRS316-SCL1 (α1) This study 

pRT1378 pRS314-rpn5(E127F,N128W,K129A) This study 

pRT1410 YCplac111-rpt2(E283Q) Eisele et al, 

2018 

pRT1411 YCplac111-rpt3(E273Q) Eisele et al, 

2018 

pRT1496 YCplac111-RPT6 Eisele et al, 

2018 

pRT1497 YCplac111-rpt6(E249Q) Eisele et al, 

2018 

pRT1510 pRS314-RPN5-GFP(S65T)-FLAG This study 

pRT1530 pRS314-rpn5(E127F,N128W,K129A)-GFP(S65T)-FLAG This study 

pRT1543 pRS314-rpn5(S50W,V198W,R201F,K205R)-GFP(S65T)-

FLAG 

This study 

pRT1592 pRS314-RPN5-6xGly-3xFLAG This study 

pRT1609 pCDF42b-6His-FLAG-Rpn6 : Rpn9 : Rpn11 : Rpn5 : Rpn8 Tomko et al, 

2015 

pRT1633 pRS314-Δ173-rpn5-6xGly-3xFLAG This study 

pRT1665 pRS315-SCL1/α1 This study 

pRT1666 pRS315-scl1(E250A) This study 

pRT1776 pCDF42b-6His-FLAG-Rpn6 : Rpn9 : Rpn11 : 

rpn5(E127F,N128W,K129A) : Rpn8 

This study 

pRT1777 pRS316-RPT2 Tomko et al, 

2010 



pRT1779 YCplac33-RPT6 Tomko et al, 

2010 

pRT1788 pRS314-rpn5(E43F/K44F/K85A)-6xGly-3xFLAG This study 

pRT1790 pRS314-rpn5(E127F,N128W,K129A)-6xGly-3xFLAG This study 

pRT1836 pRS314-RPN5 This study 

pRT1887 pET3a-Ub(G76V)4-GFP-Tail-6His This study 

pRT1903 pRS314-rpn5(S50W,V198W,R201F,K205R) This study 

pRT1929 p426GPD-NAS6 This study 

pRT1951 p426GPD-RPN14 This study 

pRT1952 p426GPD-HSM3 This study 

pRT1957 p426GPD-NAS2 This study 

pRT2100 pCDF42b-6His-MBP-3Cx- Rpn6 : Rpn9 : Rpn11 : 

rpn5(E127F,N128W,K129A) : Rpn8 

This study 

 

  



Supplementary Table S3 related to Figure 1: Quantitation of steric clash between Nas6 and 

the CP or Rpn5 in conformational states s1-s6 and anticipated impact of conformation-

selective RPN5 mutations on Rpn5-ATPase ring contact.  The Nas6 : Rpt3-C cocrystal 

structure (PDB ID 2ZDN) was superimposed onto the s1-s6 states in UCSF Chimera, and the 

magnitude of steric clash between Nas6 and either the CP alpha ring or Rpn5 was measured 

using the number of clashing atoms and the summed van der Waals (VDW) overlap (in 

Angstroms) between each clashing atom pair.  Dark blue coloring indicates < 25 clashing atoms 

or < 100 Å VDW overlap; light blue indicates 25-100 clashing atoms or 100 - 250 Å VDW 

overlap; red indicates > 100 clashing atoms, > 250 Å VDW overlap.  The s1 state uniquely 

shows strong clash of Nas6 with both Rpn5 and with the CP.  No clash was observed between 

gankyrin and the Rpn5 in the T1, T2, and T3 structures as reported previously (Lu et al, 2017).  

The anticipated impact of the rpn5-s1mut and rpn5-s3mut mutations on contact between Rpn5 

and the ATPase ring in each of the 26S conformations and the three pseudoatomic models of the 

RP-gankyrin complex is summarized on the right.  

PDB ID State Nas6-Rpn5 Nas6-CP Nas6-Rpn5 Nas6-CP rpn5-s1  mut? rpn5-s3  mut?

6FVT s1 138 116 328.4 269.5 Yes No

6FVU s2 81 207 194.3 494.9 No No

6FVV s3 142 21 343.5 49.6 No Yes

6FVW s4 59 62 143.0 146.2 No Yes

6FVX s5 80 278 189.7 657.6 No No

6FVY s6 97 22 227.5 53.5 No Yes

5VHF T1 0 N/A 0 N/A No No

5VHH T2 0 N/A 0 N/A No No

5VHI T3 0 N/A 0 N/A No No

Number of clashing atoms Summed VDW Overlap, Å Rpn5-ATPase contact disrupted by:

 

  



Supplementary Table S4 related to Figure 4: Mass spectrometry results from rpn5-s1mut-

3xFLAG sample. 

Systematic Name Standard Gene Name Total Spectral Counts 

YKL145W RPT1 312 

YDL007W RPT2 251 

YDR394W RPT3 365 

YOR259C RPT4 281 

YOR117W RPT5 441 

YGL048C RPT6 273 

YHR027C RPN1 453 

YIL075C RPN2 513 

YHR200W RPN10 137 

YLR421C RPN13 40 

YER021W RPN3 234 

YDL147W RPN5 220 

YDL097C RPN6 180 

YPR108W RPN7 215 

YOR261C RPN8 184 

YDR427W RPN9 243 

YFR004W RPN11 218 

YFR052W RPN12 162 

YDR363W-A SEM1 12 

YGR232W NAS6 36 

 

  



Supplementary Table S5 related to Figure 4:  Mass spectrometry results from rpn5-s1mut 

negative control sample.   

Systematic Name Standard Gene Name Total Spectral Counts 

YJL014W CCT3 30 

YLR106C MDN1 6 

YOR005C DNL4 28 

YDR293C SSD1 5 

YHR165C PRP8 6 

YLR454W FMP27 22 

YLR272C YCS4 8 

YDR452W PPN1 5 

YPL082C MOT1 8 

YLR087C CSF1 9 

YNL088W TOP2 5 

YKL157W APE2 7 

YDL058W USO1 9 

YBR136W MEC1 10 

YDR457W TOM1 12 

YIL129C TAO3 27 

YNL139C THO2 5 

YOR191W UL21 25 

YMR229C RRP5 8 

YER114C BOI2 26 

YPL085W SEC16 8 

YBL004W UTP20 6 

YFL007W BLM10 9 

YBL088C TEL1 13 

YBR140C IRA1 7 

YKR031C SPO14 12 

YKR054C DYN1 10 

YLR106C MDN1 6 

YFL008W SMC1 6 

YLL040C VPS13 11 

YNL262W POL2 11 

YFR019W FAB1 10 

YOL081W IRA2 16 

YNL023C FAP1 13 

YJLWTy4-1 TY4B 10 

YHL035C VMR1 10 

    YKL176C LST4 5 

YDR150W NUM1 5 

YMR207C HFA1 6 

YBR150C TBS1 11 

YHR099W TRA1 6 



YNR065C ‒ 8 

YLR371W ROM2 11 

YPL009C RQC2 9 

YBL105C PKC1 10 

YMR247C RKR1 9 

YOR341W RPA190 7 

YGR098C ESP1 6 

YDR507C GIN4 6 

YBL017C PEP1 5 

YER155C BEM2 6 

YKL197C PEX1 6 

YBL088C TEL1 5 

YDL223C HBT1 9 

YMR190C SGS1 8 

YML091C RPM2 6 

YLR086W SMC4 7 

YHR186C KOG1 6 

YDR217C RAD9 7 

YPL040C ISM1 10 

YJR066W TOR1 8 

YGR186W TFG1 6 

YDR499W LCD1 7 

YER172C BRR2 9 

YJR140C HIR3 15 

YOR290C SNF2 7 

YNL287W SEC21 9 

YDR457W TOM1 5 

YGR070W ROM1 8 

YJR066W TOR1 7 

YDR080W VPS41 8 

YGR233C PHO81 6 

YDR141C DOP1 5 

YOL089C HAL9 7 

YKLO50C ‒ 7 

YKL010C UFD4 10 

YGL062W PYC1 8 

YGL197W MDS3 5 

YLL048C YBT1 16 

YDR141C DOP1 5 

YMR168C CEP3 6 

YOL078W AVO1 6 

YPL167C REV3 8 

YHL007C STE20 5 

YFL036W RPO41 13 

YGL066W SGF73 6 



YDR159W SAC3 5 

YGR170W PSD2 8 

YPL207W TYW1 6 

YJL087C TRL1 11 

YFL056C AAD6 5 

Q0050 AI1 7 

YPL093W NOG1 6 

YKR064W OAF3 6 

YPR010C RPA135 5 

YDR049W VMS1 6 

YNL230C ELA1 11 

YDR138W HPR1 5 

YCR042C TAF2 7 

YOR048C RAT1 6 

YNL041C COG6 6 

YFL033C RIM15 5 

YNL092W YNL092W 5 

YGL021W ALK1 5 

YNL087W TCB2 5 

YKR027W BCH2 7 

YJL207C LAA1 5 

YKL126W YPK1 5 

YPL006W NCR1 6 

YPL110C GDE1 5 

YMR053C STB2 6 

YNL240C NAR1 6 

YGL153W PEX14 5 

YER142C MAG1 6 

YNL183C NPR1 7 

YLR310C CDC25 5 

 

  



Supplementary Table S6 related to Figure 4: Mass Spectrometry results from purified 

proteasomal RP sample. 

 

Systematic Name Standard Gene Name Total Spectral Counts 

YKL145W RPT1 308 

YDL007W RPT2 205 

YDR394W RPT3 318 

YOR259C RPT4 289 

YOR117W RPT5 406 

YGL048C RPT6 237 

YHR027C RPN1 521 

YIL075C RPN2 459 

YHR200W RPN10 97 

YLR421C RPN13 37 

YER021W RPN3 246 

YDL147W RPN5 175 

YDL097C RPN6 242 

YPR108W RPN7 173 

YOR261C RPN8 251 

YDR427W RPN9 237 

YFR004W RPN11 165 

YFR052W RPN12 177 

YDR363W-A SEM1 12 

YGR232W NAS6 98 

YBR272C HSM3 58 

YGL004C RPN14 10 

YFR010W UBP6 47 

 

  



 
 

 



Figure S1 related to Main Text Figure 1.  Analysis of potential clash between Nas6 and Rpn5 in various 

conformations of the yeast 26S proteasome and the human RP-gankyrin complex.  A-D. The atomic structure of 

Nas6 in complex with the C-terminal domain of Rpt3 (PDB 2DZN) was modeled onto a pseudoatomic model of the 

proteasome in the s2 conformation (A) (PDB 4CR3), the s4 state (B) (PDB 5MPC), the s5 state (C) (PDB 6FVX), or 

the s6 state (D) (PDB 6FVY).  The red arrows indicate steric clash between Rpn5 (blue) and Nas6 (green).  E-F.  No 

steric clash is evident in the T2 (E) (PDB 5VHH) or T3 (F) (PDB 5VHI) conformations of the RP-gankyrin complex 

from humans. G-L. The atomic structure of Nas6 in complex with the C-terminal domain of Rpt3 (PDB 2DZN) was 

modeled onto a pseudoatomic model of the proteasome in the s1 conformation (G) (PDB 4CR2), the s2 state (H) (PDB 

4CR3), the s3 state (I) (PDB 4CR4), the s4 state (J) (PDB 5MPC), the s5 state (K) (PDB 6FVX), or the s6 state (L) 

(PDB 6FVY).  A view looking down onto the surface of the CP α ring is shown.  The red arrows indicate steric clash 

between Nas6 (green) and the α ring (wheat). Rpn5 (blue) is shown for reference.  In all panels, many proteasome 

subunits are omitted for clarity.   

 



 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S2 related to Main Text Figure 2.  Additional characterization of rpn5-s1mut and rpn5-s3mut strains.  

A. Whole cell extracts of strains expressing the indicated RPN5 alleles were separated by SDS-PAGE and 

immunoblotted with the indicated antibodies.  β-actin was used as a loading control.  Quantification of the ratio of 

Rpn5:β-actin is shown below.  B. No obvious growth defects in rpn5-s1mut or rpn5-s3mut yeast under standard growth 

conditions.  Equal numbers of cells from the indicated yeast strains were spotted in 6 fold serial dilutions on YPD 

plates and incubated as indicated for 2 days. C. Distribution of 26S proteasomes between the s1 and s2-s6 states is 

unaffected by the rpn5-s1mut mutation.  Engineered disulfide crosslinking of extracts from RPN5, rpn5-s1mut, and 

rpn5-s3mut cells expressing the Rpn7(D123C) : Rpt2(R407C) reporter pair were crosslinked exactly as described 

previously (6), and normalized to the total amount of 26S proteasomes in native immunoblots of the same extracts (N 

= 4; error bars indicate standard deviation).  The reporter pair is not juxtaposed in free RP and thus reports specifically 

on 26S proteasomes.  Similar results were observed with a second reporter pair, Rpn6(T203C) : Rpt6(G387C) (not 

shown).  Some loss of crosslinking in the rpn5-s3mut cells suggests that these mutations may bias proteasomes away 

from the s1 state.  D. Extracts from the indicated strains were separated by native PAGE and immunoblotted with 

Rpt1 antibodies.  *, assembly intermediate. E. Extracts of the indicated strains were generated under denaturing 

conditions, separated by SDS-PAGE, and subjected to immunoblotting with anti-ubiquitin antibodies or antibodies 

against β-actin as a loading control.  Non-adjacent lanes from the same blot are shown.  F. Equal numbers of cells 

from the indicated yeast strains were spotted in 6-fold serial dilutions on YPD plates or YPD plates containing 0.05 

μg/ml of 4-nitroquinoline N-oxide (4-NQO) and incubated at 30°C as indicated. G. Extracts from the indicated strains 

were separated by native PAGE and immunoblotted with Rpt5 antibodies.  *, assembly intermediate. 

  



 

 
Figure S3 related to Main Text Figure 3.  Disruption of the Rpn5-CP interface does not phenocopy rpn5-s1mut. 

A, B.  Extracts from the indicated strains were separated by native PAGE and immunoblotted with Rpt1 antibodies.  

*, assembly intermediate.  C. Peptidase activity of 26S proteasomes reconstituted from recombinant lid containing 

WT Rpn5 or Rpn5 harboring the s1 mutations.  Activity is expressed as percent of purified core particle (CP) alone.  A 

small but reproducible defect in peptidase stimulation was observed for s1 mutant reconstituted proteasomes (one-

way ANOVA with Tukey’s test for multiple comparisons; N = 3).  

 

  



 
 

 

 

 

 

 



 

Figure S4 related to Main Text Figure 4.  The rpn5-s1mut defect is dependent on Nas6.  A. Nas6 expression is 

unaffected by the rpn5-s1mut and rpn5-s3mut mutations.  Extracts of the indicated strains were separated by SDS-

PAGE and subjected to anti-Nas6 immunoblotting.  The ratio of Nas6 to loading control G6PD is shown below (N = 

4; error bars indicate standard deviation).  B. Free RP copurifying with 26S proteasomes prepared from an RPN5-

6xGly-3xFLAG strain were separated via native PAGE and stained with Coomassie, followed by excision and analysis 

by mass spectrometry.  The lane shown is a nonadjacent lane from the same gel shown in Main Text Figure 4A. C. 

The nas6Δ base contains the Rpn14 and Hsm3 chaperones.  Purified nas6Δ base was separated by SDS-PAGE and 

immunoblotted with antibodies against Nas6, Nas2, Rpn14, and Hsm3.  Whole cell extracts (WCE) from strains that 

were either WT or deleted for the indicated chaperones were shown as controls for antibody reactivity. D. Purified 

proteins used in these studies were separated by SDS-PAGE and stained with Coomassie brilliant blue.  E. Purified 

CP, nas6Δ yBase, Rpn10, and lid harboring either WT or s1mut Rpn5 (s1) were incubated for 15 minutes at 30oC in 

the presence or absence of Na6 prior to analysis by native PAGE-immunoblotting with antibodies against Nas6. The 

last lane contains only Nas6 as a control.  A red arrow indicates reactivity of the Nas6 antibody with an RP-sized 

species that is absent in the Nas6 only lane and is enriched in the presence of s1mut lid.  A dashed line indicates the 

migration of the base subcomplex in the WT and s1 lanes containing Nas6.  *, Nas6 migrates as two species by native 

PAGE. The top band is labeled as Nas6 as this species reflects the migration of Nas6 in vivo (7).  F. Rpn14 does not 

impair 26S proteasome formation. Purified nas6Δ base was pre-incubated with recombinant Nas6 or recombinant 

Rpn14, and then added to purified CP, Rpn10, and either WT lid or rpn5-s1mut lid. Samples were separated by native 

PAGE and immunoblotted with antibodies against Rpn12. ^, cross-reactive band. G.  Nas6 was overexpressed in the 

indicated yeast strains and extracts were separated by native PAGE and immunoblotted with antibodies to Rpt1. *, 

assembly intermediate. 

  



 

 
Figure S5 related to Main Text Figure 5. Proteasomal degradation of Ub4-GFP-Tail requires lid.  Turnover of 

Ub4-GFP-Tail incubated with buffer (No 26S), 26S proteasomes purified from yeast (y26S), reconstituted 26S 

proteasomes (r26S), or reconstituted 26S proteasomes lacking lid (No lid) was measured via loss of GFP fluorescence. 

 

 



 

  



Figure S6 related to Main Text Figure 6.  ATP-binding by Rpt3 acts downstream of the Rpn5 s1 contact during 

proteasome assembly.  A, B. Extracts from the indicated yeast strains were separated by native PAGE in the presence 

of ATP or ATPγS and immunoblotted with antibodies against Rpt1 (A) or 20S (B).  *, assembly intermediate.  C. Cell 

extracts from the indicated yeast strains were immunoprecipitated via a 3xFLAG epitope tag on the β4 CP subunit.   

Samples were separated by SDS-PAGE and immunoblotted with antibodies against Nas6 or FLAG.  D-F.  Extracts 

of RPN5 WT or rpn5-s1mut yeast expressing either the indicated WT RPT subunit or the rpt-EQ mutant form were 

separated by native PAGE and immunoblotted with antibodies against Rpt1 (D), 20S (E), or Nas6 (F).  *, assembly 

intermediate.  ^, cross-reactive band. 
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