
Yeast PI31 Inhibits the Proteasome by a Direct Multisite 
Mechanism

Shaun Rawson1,2,*, Richard M. Walsh Jr.1,2,*, Benjamin Velez3, Helena M. Schnell3, 
Fenglong Jiao4, Marie Blickling3, Jessie Ang3, Meera K. Bhanu3, Lan Huang4, John 
Hanna3,#

1Harvard Cryo-Electron Microscopy Center for Structural Biology, Harvard Medical School, 
Boston, Massachusetts, United States of America

2Department of Biological Chemistry and Molecular Pharmacology, Blavatnik Institute, Harvard 
Medical School, Boston, Massachusetts, United States of America

3Department of Pathology, Harvard Medical School and Brigham and Women's Hospital, Boston, 
Massachusetts, United States of America

4Department of Physiology and Biophysics, University of California-Irvine, Irvine, CA, United 
States of America

Summary

Proteasome inhibitors are widely used as therapeutics and research tools, typically targeting one 

of the three active sites, each present twice in the complex. An endogeneous proteasome inhibitor, 

PI31, was identified 30 years ago but its inhibitory mechanism has remained unclear. Here we 

identify the mechanism of S. cerevisiae PI31, also known as Fub1. Using cryo-EM, we show that 

Fub1's conserved C-terminal domain is present inside the proteasome's barrel-shaped core particle 

where it simultaneously interacts with all 6 active sites. Targeted mutations of Fub1 disrupt 

proteasome inhibition at one active site, while leaving the other sites unaffected. Fub1 itself evades 

degradation through distinct mechanisms at each active site. The gate that allows substrates to 

access the CP is constitutively closed and Fub1 is enriched in mutant CP's with an abnormally 

open gate, suggesting that Fub1 may function to neutralize aberrant proteasomes, thereby ensuring 

the fidelity of proteasome-mediated protein degradation.
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Introduction

Regulated protein degradation is critical for cellular homeostasis. Protein quality control 

pathways identify and eliminate aberrant proteins, while targeted destruction of key 

regulatory proteins controls diverse cellular processes. The proteasome is a 2.5 MDa 

multisubunit complex that consists of a central core particle (CP) capped at either end by a 

regulatory particle (RP). The 700 kDa CP is composed of 4 stacked heptameric rings with 

an αββα configuration. Each β-ring houses 3 active sites (chymotryptic/β5, tryptic/β2, and 

post-acidic/β1) while each α-ring contains a gate that facilitates access of substrates to the 

CP interior. The RP binds, unfolds, and deubiquitinates substrates, but also opens the gate, 

allowing for insertion of the substrate into the CP 1.

There are ~35 integral subunits of the proteasome, most of which are required for 

its overall structure and are essential for viability. However, there are many additional 

proteasome-interacting proteins. Some of these proteins function as assembly chaperones, 

helping to orchestrate new proteasome biogenesis but being themselves excluded from 

the final proteasome product 2. Others interact with mature proteasomes, sometimes sub-

stoichiometrically and reversibly. These proteins regulate diverse aspects of proteasome 

function, including substrate processing, cellular localization, proteolytic activity, and others 
3-10.

PI31 (also known as PSMF1 or Fub1) was identified in 1992 as an in vitro inhibitor of 

the CP 11. It is highly conserved from yeast to humans, and human PI31 is capable of 

complementing the yeast fub1Δ mutant 12. PI31 has activity against all three proteasome 

active sites11,13. Proteasome inhibition in vitro is mediated by PI31's C-terminal region, 

which is both necessary and sufficient for its inhibitory effect 12,14,15. In vivo, loss of PI31's 

C-terminus recapitulates the null mutant phenotype while expression of the C-terminal 

region alone is sufficient to rescue the null mutant, confirming that this part of the protein 

is critical for PI31's cellular function 12,15. Despite having been discovered 30 years ago, 

PI31's mechanism of proteasome inhibition remains unclear. One model, which would 

explain PI31's ability to inhibit all three CP active sites, is that PI31 sits atop the CP gate, 

blocking access of substrates.

Here we report a high-resolution cryo-EM structure of Fub1 in association with CP, 

revealing an unexpected mechanism of proteasome inhibition that operates through 

simultaneous and specific inactivation of all 6 active sites. Fub1 itself evades degradation by 

the proteasome through different mechanisms at each active site. Fub1 is enriched in mutant 

CP's with an open gate conformation, suggesting that Fub1 may have evolved to specifically 

recognize and neutralize aberrant CP species.

Results

Fub1 is Enriched in the α3Δ Mutant

We confirmed the key known features of Fub1, namely that it potently inhibits the CP in 
vitro (Fig. 1a) but is required for resistance to proteotoxic stress in vivo (Fig. 1b). We 

examined whole cell extracts under the same proteotoxic stress conditions as in Fig. 1b, and 
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found increased proteasome activity in the fub1Δ mutant relative to wild-type (Extended 

Data Fig. 1a). There was no difference in proteasome levels under these conditions 

(Extended Data Fig. 1b), suggesting that Fub1 also inhibits the CP in vivo.

We next examined the distribution of Fub1 in whole cell extracts from wild-type cells under 

steady-state conditions (i.e. non-stress) by size exclusion chromatography. Almost all Fub1 

migrated at a size consistent with a homodimer (~60 kDa) with little Fub1 co-eluting with 

CP or proteasome holoenzyme (Fig. 1c). In the course of analyzing an α3Δ mutant, we 

noticed that the fraction of Fub1 co-eluting with proteasome was substantially increased 

(Fig. 1c). α3 (also known as Pre9) is the only non-essential CP subunit, and its loss is 

tolerated only because a second copy of α4 is able to take the place of the missing subunit 
16. Because α3 is a major contributor to the CP gate, its absence results in a constitutively 

open gate 16,17. Previous work showed that Fub1 preferentially binds free CP with little 

or no binding to RP-CP species 15. Our data are consistent with this finding as the peak 

of proteasome-bound Fub1 appeared to coincide with the peak of free CP, which runs 

around fractions 13-15 on this column (Fig. 1c). Interestingly, RP-CP species were actually 

somewhat enriched in the α3Δ mutant relative to wild-type (Fig. 1c), although we did not 

study this finding further.

We affinity purified CP from the α3Δ mutant using a genomically integrated C-terminal 

TEV-ProA tag on Pre1 (β4). Fub1 was highly enriched in purified α3Δ CP (Fig. 1d). The 

strength of the Fub1-CP interaction is underscored by the stringent wash conditions (500 

mM NaCl) required to separate RP from CP. Fub1 was present in free CP as well as two 

higher molecular weight species. Both of the heavier species were eliminated by deletion of 

Blm10 (Extended Data Fig. 2), a poorly understood CP regulator that binds to the surface 

of the α-ring in a manner similar to RP 18,19. Interestingly, we did not detect doubly 

Blm10-capped CP by cryo-EM analysis (Extended Data Fig. 3).

Fub1 is Present Within the CP Barrel in α3Δ Mutants

We determined the structure of α3Δ CP by cryo-EM to a resolution of 2.7 Å (Fig. 2a,b; 

Extended Data Fig. 3; Table 1). Molecular modeling confirmed a second copy of α4 at 

the position normally occupied by α3, as well as a constitutively open CP gate (Fig. 2c,d). 

There was no evidence of an assembly defect in the CP: specifically, there was no density 

corresponding to any of the five CP chaperones or the five β-subunit propeptides, which are 

cleaved before final maturation of the proteasome.

Quite unexpectedly, a subset (~18%) of the particles showed a substantial novel density 

within the CP interior (Fig. 3a and Extended Data Fig. 3,4). We determined the structure 

of this subset of CP particles to a resolution of 3.0 Å. Molecular modeling revealed the 

density to be the C-terminal half of Fub1 (residues 127-229; Fig. 3a) which was present 

as a dimer at the β/β-ring interface and which showed an extended conformation largely 

lacking secondary structure. The modeled density began near β1 and then traversed the 

center of the ring towards β5 where it dimerized with the second copy of Fub1 (Fig. 3b-d). 

The first copy of Fub1 then returned across and over into the opposing β-ring where it 

contacted the second Fub1 in the vicinity of the other β5 subunit. Finally, Fub1 descended 

back into the first β-ring where the modeled density terminated in front of β2 (Fig. 3b-d). An 
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early observation about PI31 was the proline-rich nature of its C-terminus 14. Our structure 

explains this finding as many of these prolines facilitate the sharp turns needed to wind 

around the β-rings.

The most striking feature of this structural arrangement was that it brought Fub1 density 

into close contact with all 6 proteasome active sites (Fig. 3b and Fig. 4). These regions are 

by far the most evolutionarily conserved (Supplementary Information Fig. 1), suggesting 

that they are critical for Fub1 function. Their position, occupying and filling each of the 

active site pockets, would be expected to inhibit the proteasome. Indeed, Fub1's position 

within the β5 pocket mirrored that of the proteasome inhibitor bortezomib (Fig. 4a,b), which 

is a modified Phe-Leu dipeptide with a C-terminal boronic acid electrophile. Bortezomib's 

hydrophobic Phe-Leu portion directs the compound to the β5 active site pocket, while the 

boronate group covalently binds to the active site Thr76, with additional hydrogen bonds to 

Thr76 and Gly122 (Fig. 4a). As noted above, both Fub1 molecules come together to occupy 

the β5 pocket. A group of hydrophobic residues (Met198, Ile199, and Phe200) fills the 

pocket (Fig. 4b). Meanwhile, Asp170 from the other Fub1 molecule forms hydrogen bonds 

with β5 Thr76 and β5 Gly122 (both similar to bortezomib) as well as β5 Ser206 (Fig. 4b).

At the β1 active site, a group of acidic residues fills the pocket with Fub1 Asp130 hydrogen 

bonded to the active site Thr20, as well as β1 Ser187 and β1 Thr40 which further enforce 

this positioning (Fig. 4c). Fub1 Glu132 is also hydrogen bonded elsewhere in the pocket 

(Fig 4c). Fub1 does not directly interact with the β2 active site threonine, but is engaged in 

multiple hydrogen bonds throughout the active site pocket which appear to help stabilize this 

segment of Fub1 there (Fig. 4d). Thus Fub1 directly binds and fills each of the active site 

pockets.

Fub1 Specifically Inhibits All Three Proteasome Active Sites

The three CP active sites can be individually monitored using fluorogenic substrates. Our 

structure predicts that targeted mutations of Fub1 should disrupt proteasome inhibition at 

one active site, while leaving the other two active sites unaffected. The hydrophobic residues 

Phe129 and Tyr133 help to enforce the overall position of this segment of Fub1 at the 

β1 active site (Fig. 4c). A Fub1-F129A/Y133A mutant showed near total abrogation of 

inhibition at the β1 active site, which cleaves after acidic residues, but had no effect on the 

β2 and β5 active sites, which mediate the tryptic and chymotryptic activities, respectively 

(Fig. 5a-c). Similarly, Fub1-M198A/F200A showed substantial loss of inhibition of the β5 

active site (Fig. 5e) but had no effect on β2 (Fig. 5f) and only a modest loss of inhibition 

at β1 (Fig. 5d). Note that CP treated with Fub1-M198A/F200A showed ~3-fold loss of 

inhibition of the β1 active site (Fig. 5d), but nearly 50-fold loss of inhibition at the β5 active 

site (Fig. 5e). In the vicinity of the β2 active site, the Fub1 segment was folded back on 

itself, suggesting that a small peptide might have enough structure to bind and fill the active 

site pocket. We synthesized a 20-residue peptide (residues 213-232) which was sufficient 

to completely inhibit β2 activity, but again had no effect on the other two active sites (Fig. 

5g-i). The IC50 was <10 μM. Proline-containing sequences at either end of this peptide were 

necessary for maximal inhibition (Extended Data Fig. 5). Note that these peptide hydrolysis 

Rawson et al. Page 4

Nat Struct Mol Biol. Author manuscript; available in PMC 2023 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assays require a small amount of detergent which opens the CP gate allowing substrate to 

enter. Naturally, this also provides a potential portal of entry for Fub1.

Next, we sought to determine the physiologic significance of these interactions by 

expressing a Fub1 mutant compromised for inhibition at 2 of the 3 active sites (β5 and 

β1) in the fub1Δ background. This mutant was unable to complement the fub1Δ mutant 

in vivo (Fig. 5j), confirming the importance of these inhibitory interactions. This effect 

was not due to decreased protein levels of mutant Fub1. These results strongly substantiate 

the assignment of Fub1 to the novel central density in α3Δ (see also Fig. 3c,d), explain 

its proteasome-inhibitory mechanism in vitro, and establish a paradigm for complete 

proteasome inhibition with specificity at all 6 sites.

Fub1 Evades Degradation by the Proteasome

Given its proximity to the proteasome's active sites, we next asked whether Fub1 itself was 

subject to degradation. In principle, our ability to obtain a Fub1-CP structure suggests that 

this should not be the case since resolution in the cryo-EM method requires Fub1 to be 

largely fixed in its position. We examined this issue directly using the cycloheximide chase 

assay. Fub1 was completely stable over a 90 minute time course (Fig. 6a), comparable to 

the CP subunit α5 and in contrast to a known short-lived protein, Tmc120. Note that the 

steady-state level of Tmc1 is increased in the α3Δ mutant, consistent with prior work 21.

We then modeled Fub1 onto existing structures of CP bound to peptide proteasome 

inhibitors 22,23 to establish which Fub1 residues were in the P3-P2-P1-P1'-P2'-P3' positions 

(where the scissile bond is between P1 and P1'). At the β5 active site, Met198 was in the 

P1 position while Asp170 occupied P1' (Fig. 6b). However, because these residues derive 

from different chains of the Fub1 dimer, there is no peptide bond to cleave, helping explain 

how Fub1 evades degradation at this site. In effect, Fub1 resembles an already cleaved 

substrate that cannot be released due to its extensive interactions throughout the active site 

(Fig. 4b). Two features likely contribute to Fub1's stability in the β2 site. First, the P1 

position is occupied by Asp224, which is unfavorable for β2 since it prefers to cleave after 

basic residues (Fig. 6c). Second, the Fub1 polypeptide main chain is quite far from the 

active site threonine (~5.7 Å), and this is likely incompatible with nucleophilic attack. This 

latter effect essentially creates a cap-like structure over the active site. At the post-acidic 

β1 active site, Fub1 does present acidic residues (Fig. 6d). However, the Fub1 polypeptide 

is actually oriented in the reverse direction (COOH-to-NH2) relative to other β1 peptide 

inhibitors. This backwards orientation appears likely to prevent proteolysis, which requires 

precise positioning of the active site on the substrate. Furthermore, as with β2, the potential 

scissile bond is far from the active site threonine (~6.9 Å). Thus, Fub1 appears to take three 

distinct approaches to thwart its own degradation.

Fub1 Recognizes Proteasomes with an Aberrant CP Gate

The α3Δ mutant shows both a constitutively open gate and aberrant CP composition. 

In principle, an abnormally open gate could facilitate insertion of Fub1's unstructured 

C-terminus. To separate the effects of an open gate and abnormal composition, we examined 

a mutant with small deletions of the N-termini of α3 and α7 (residues 2-10 and 2-12, 
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respectively) 24. This mutant has an open gate (Fig. 7a) but otherwise normal α-ring 

composition. Similar to α3Δ, the α3ΔN α7ΔN CP showed marked enrichment for Fub1 

(Fig. 7b), suggesting that a constitutively open gate may be a key feature contributing to 

Fub1's association with CP.

Fub1's N-terminal Domain Appears to Sit Atop the CP

Unlike its C-terminus, the N-terminus of PI31 forms a well-folded globular domain 25. 

We were unable to resolve Fub1's N-terminus in our reconstruction. We therefore turned 

to cross-linking mass spectrometry 26. We identified six Fub1-CP crosslinks, all of them 

involving the α-ring and the N-terminal half of Fub1 (Fig. 7c; Supplementary Data Table 

1). Five of these cross-links involved residues on the outer surface of the α-ring (α4-K28, 

α4-K53, α4-K169, α5-K66, and α2-K166). The last residue, α4-K88, is actually inside the 

CP barrel, but its distance from the α-ring surface is still well within the cross-linkable 

distance. No cross-links were detected within Fub1's C-terminus. Furthermore, through the 

application of a low pass filter, we were able to identify additional density on the outer 

surface of the CP in our Fub1-bound cryo-EM reconstruction (Fig. 7d). Although the low 

resolution precluded molecular modeling, this density was not present in the α3Δ CP 

lacking Fub1. Additional low resolution density could be identified transiting through the 

CP barrel through the α-ring and into the β-ring (Extended Data Fig. 6). Together, these data 

suggest that Fub1's N-terminus remains outside and atop the CP on the surface of the α-ring, 

while its unstructured C-terminus enters the CP interior.

Evolutionary Conservation of Proteasome Inhibition by PI31/Fub1

Finally, we examined the evolutionary conservation of PI31/Fub1's ability to inhibit the CP 

in vitro. Human PI31, expressed and purified from bacteria, inhibited yeast CP (Fig. 7e). 

Conversely, yeast Fub1 inhibited human CP (Fig. 7f). Interestingly, yeast Fub1 inhibited 

yeast CP more effectively than human PI31, and human PI31 inhibited human CP better 

than yeast Fub1, suggesting that Fub1 and PI31 are each specifically adapted to their own 

species's CP. Thus, the function of PI31/Fub1 is highly conserved both in vitro (Fig. 7e,f) 

and in vivo 12,15.

Discussion

PI31's Mechanism of Proteasome Inhibition

Inhibition of the proteasome was the first known aspect of PI31 function and the property 

that led to its identification in 199211. However, its mechanism of proteasome inhibition 

remained unknown until now. The ability of PI31 to compete with RP for binding to CP 

in vitro13 suggested that PI31 might bind the outer surface of the α-ring. Thus, the leading 

model of CP inhibition had Fub1 bound to the surface of the α-ring, blocking access of 

substrates to the proteasome gate through either a capping or plugging mechanism, thereby 

explaining PI31's surprising ability to inhibit all 3 types of active site.

In contrast to this model, we show that Fub1 simultaneously inhibits each of the 

proteasome's 6 active sites through direct and extensive interactions with the active site 

pockets, an arrangement that requires Fub1 to access the CP interior. Thus, Fub1 is 
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conceptually similar to modified peptide inhibitors of the proteasome such as bortezomib 

that work by direct interaction with the active sites22. However, unlike bortezomib and 

related FDA-approved drugs that target only the chymotryptic site at physiologically 

relevant concentrations, Fub1 has found a way to inhibit all 6 active sites simultaneously. 

Also unlike bortezomib, Fub1 achieves potent proteasome inhibition without the aid of an 

electrophilic warhead. It will be important to determine if human PI31 operates through a 

similar mechanism. Human PI31 can rescue the yeast fub1Δ mutant in vivo 12,15 and inhibits 

yeast CP in vitro (Fig. 7e,f), suggesting that the detailed mechanisms of PI31 and Fub1 may 

be closely related.

Like most protein inhibitors of proteases, Fub1 works by preventing access of substrates to 

the active sites 27. Fub1's ability to do this requires it to bind the active sites in a substrate-

like manner (Fig. 4) but then evade degradation (Fig. 6), which Fub1 appears to do through 

different mechanisms at each active site. Some of these mechanisms, including splitting the 

P1/P1' residues into different polypeptides, appear unprecedented to our knowledge.

The very presence of Fub1 inside the CP raises the question of how it got there. One 

possibility is that Fub1 accesses the β-rings when they are exposed during CP assembly, 

obviating the need to traverse the gate. This seems unlikely for two reasons. First, our 

purified α3Δ CP appears mature with no evidence of an assembly defect. Second, the 

position of Fub1 appears incompatible with immature CP as it would clash with β-subunit 

propeptides 28. Thus, it seems most likely that Fub1 associates with mature CP and therefore 

must enter the CP chamber through its only point of entry, its central gate. We suspect 

that Fub1's initial recognition of the CP occurs on the outer surface of the α-ring, and the 

unstructured nature of Fub1's C-terminal domain then facilitates entry into the CP interior. 

There are some unresolved regions within the Fub1 structure (Fig. 3a). While such gaps 

often reflect flexible regions, a second possibility is that they reflect partial proteolysis of 

Fub1 within the CP chamber. However, the stability of Fub1 in vivo makes this less likely 

(Fig. 6a).

In contrast to the C-terminal domain, the N-terminal domain is highly structured 25,29 but 

shows little or no binding to CP on its own 30. Thus, its position may be flexible, potentially 

explaining why it was not well resolved in our reconstruction. Nevertheless our cross-linking 

data and low-resolution structural analysis suggest that it remains on the surface of the 

α-ring. This is consistent with the fact that it is too large in its folded state to transit through 

even the α3Δ pore. This arrangement would also help explain the preference of Fub1/PI31 

for CP over RP-CP and its ability to compete with RP for CP binding in vitro 14. We do 

not yet understand the structure of Fub1 as it transits through the CP gate as these areas 

of Fub1 were not resolved. Nevertheless, it is worth noting that the CP's ability to carry 

out endoproteolytic cleavage of substrates suggests that at least two polypeptide chains may 

transit through the CP pore31.

Physiologic Function of Fub1/PI31

PI31/Fub1's ability to inhibit the CP in vitro is well documented. Our data suggest that 

Fub1 also inhibits the proteasome in vivo as our Fub1-CP structure reflects endogenous 

untagged Fub1 bound to proteasome purified directly from cells. What then could account 
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for an inhibitory function of Fub1 in what appears to be an overall protective role 

against proteotoxic stress? A defining feature of proteasome-mediated degradation is its 

exquisite specificity. Given the proteasome's constitutively closed gate 32, substrates can 

only access the CP interior through the mediation of an activating complex like the RP. 

CP's with a constitutively open gate therefore represent a threat to the selectivity and 

fidelity of proteasome activity. Since the proteasome regulates myriad aspects of cell 

biology, such unregulated protein degradation would be expected to cause significant 

cellular dysfunction. One possibility is that Fub1 has evolved to recognize and neutralize 

dysfunctional proteasomes, particularly those with an aberrant or constitutively open gate, 

such as may arise from errors in CP subunit incorporation. Indeed, the larger the size of 

the pore defect, the easier it might be for Fub1's unstructured C-terminus to gain access to 

the CP interior, in effect enriching Fub1 in CP in proportion to the degree of aberrancy. 

According to proteome-wide protein abundance measurements, the typical CP subunit is 

present in cells at much higher levels than Fub1 33. The low abundance of Fub1 would be 

consistent with this sort of regulatory function. It is not known how often such aberrant 

CP's arise during normal CP biogenesis. Even if rare, the cellular threat could be substantial, 

potentially explaining the need for this kind of neutralizing activity. Understanding the 

cellular conditions and stimuli that induce proteasome binding by Fub1 represents an 

important goal for future work.

Previous models have suggested that PI31 promotes CP-RP association to facilitate the final 

step of proteasome biogenesis 34. However, other groups have failed to detect a defect 

in proteasome assembly upon PI31 knockdown or in Fub1 mutants 15,30. Our data make 

such a function for Fub1 unlikely because inhibition by Fub1's C-terminal region would 

render those CP ineffective for protein degradation. We do not see evidence of significant 

Fub1 turnover, and it is hard to see how Fub1 could easily be released given its extensive 

interactions within the CP. A second model proposes that PI31 serves as a proteasome 

transport factor 35. Our data pose similar challenges for this model, although it should be 

noted that these models were developed in species other than yeast, and there could be 

species-specific differences in PI31 function.

In conclusion, our data explain how Fub1/PI31 inhibits the proteasome, addressing one 

of the oldest unanswered questions in the proteasome field and establishing a highly 

unexpected mechanism of proteasome inhibition. These data also establish Fub1 as one 

of the most sophisticated protein inhibitors of a protease ever described. There is still much 

to learn about Fub1/PI31's specific cellular roles, its regulation, and its association with 

neurodegenerative disease 36,37. The data presented here should inform future work on these 

and other aspects of PI31 biology.

Methods

Strains, Plasmids, and Antibodies

Yeast strains and plasmids are listed in Supplementary Data Tables 2 and 3. Yeast strains 

were generated by standard homologous recombination-based methods. Yeast were cultured 

at 30°C or 37°C in YPD or synthetic media, as indicated. YPD medium consisted of 1% 

yeast extract, 2% Bacto-peptone, and 2% dextrose. Synthetic media consisted of 0.7% Difco 
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Yeast Nitrogen Base supplemented with amino acids, adenine, and 2% dextrose. Uracil was 

omitted from this medium for plasmid selection. Yeast strains were verified by PCR and/or 

immunoblotting.

Full-length Fub1 was cloned into pET45b which provides for an N-terminal 6x-histidine 

tag (pMB30), expressed in E. coli, and affinity purified to near homogeneity by Nickel 

chromatography. The purified protein was used to generate a rabbit polyclonal antibody. 

Anti-Pba1/2 38 and anti-Alpha5 antibodies 28 have been previously described. Anti-Blm10 

antibody was obtained from Enzo Life Sciences (BML-PW0570-0025) and anti-Pgk1 from 

Fisher Scientific (459250). The following dilutions were used: Fub1 (1:4000), Alpha5 

(1:5000), Pba1/2 (1:4000), Blm10 (1:2000), and Pgk1 (1:2500).

Fub1 was also cloned into ycPlac33, a URA3-marked low-copy centromeric plasmid which 

expresses untagged Fub1 from its endogenous promoter sequences (500 bp upstream and 

200 bp downstream; pJH155).

Point mutations in Fub1 plasmids were generated using the QuikChange Multisite-Directed 

Mutagenesis method (Agilent). Plasmids were verified by DNA sequencing.

Human PI31 was cloned into pGEX-4T-1 which provides for an N-terminal thrombin-

cleavable GST-tag. The protein was expressed in E. coli, affinity purified by glutathione-

sepharose chromatography, and eluted by thrombin cleavage.

Analysis of Whole Cell Extracts

Extracts were prepared from late-logarithmic phase cultures. Cells were resuspended in 50 

mM Tris pH 8.0, 1 mM, EDTA, 5 mM MgCl2, 1 mM ATP; lysed by French press; and 

centrifuged at 16,000xg for 25 min. Clarified lysates were then analyzed by size exclusion 

chromatography using a Superose 6 column.

CP Purification and Analysis

Proteasome was affinity purified via a genomically integrated C-terminal Pre1-TEV-ProA 

tag using IgG resin (MP Biomedicals; ICN55961), and CP was isolated using high salt 

(500 mM NaCl) washes as previously described 39. Purified proteasomes were analyzed 

by standard SDS-polyacrylamide gel electrophoresis (PAGE) followed by Coomassie 

staining or immunoblotting. Naive gel analysis was performed using 3-8% Tris-Acetate 

gels (Invitrogen), followed by Coomassie staining or immunoblotting. Purified human 20S 

proteasomes were obtained from Enzo Life Sciences (BML-PW8720).

In Vitro Proteasome Activity Assays

Purified proteasomes (15 nM) were pre-incubated on ice for 20 min in the presence 

or absence of purified Fub1 present at 25-fold molar excess (considering Fub1 as a 

homodimer). CP-Fub1 mixtures were then incubated with the appropriate fluorogenic 

peptide at 30°C. SDS (0.02%) was provided in all assays to open the constitutively closed 

gate except for the indicated samples in Fig. 7A. Reactions were quenched by the addition 

of 1% SDS, and fluorescence was measured using a fluorometer. Suc-LLVY-AMC (Bachem 

I-1395) measures the proteasome's chymotryptic activity (β5) and was used at 100 μM with 
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a 20 minute reaction time. Boc-LRR-AMC (Bachem I-1585) and z-LLE-AMC (Bachem 

I-1945), which measure the tryptic (β2) and post-acidic (β1) activities respectively, were 

used at 300 μM with a 45 minute reaction time. Note that ~50% CP inhibition can 

be achieved with just 2-fold molar excess of Fub1. Fub1 peptides were synthesized by 

EZBiolab (Parsipanny, NJ) and reconstituted in water. In all assays, controls lacking CP 

were used to establish background/non-specific fluorescence.

Phenotypic Analysis of Yeast Mutants

Yeast cultures were grown overnight at 30°C in selective media, normalized by optical 

density, spotted in three-fold serial dilutions onto the indicated media, and incubated at 37°C 

for the indicated times.

Cryo-EM Sample Preparation

Sample preparation was performed as previously described28, with additional and specific 

details provided here. CP that had been affinity purified was concentrated and injected over 

a Superose 6 10/300 GL column (GE Healthcare) that had previously equilibrated in SEC 

buffer (50 mM Tris, pH 7.5, 1 mM EDTA, and 100 mM NaCl). The CP-containing fractions 

were pooled and concentrated to ~1.8 mg/mL. Immediately prior to disposition onto 400 

mesh Quantifoil Cu 1.2/1.3 grids that had been glow discharged in a PELCO easiGLOW 

(Ted Pella) at 0.39 mBar, 15 mA for 30 s, 3 μL of sample was mixed with 0.5 μL of 

a 3.5 mM Fos-Choline, fluorinated solution (Anatrace). Fos-Choline, fluorinated solution 

was used at a final concertation of 0.5 mM to diversify the particle orientations in ice. 

Samples were then vitrified in 100% liquid ethane using a Vitrobot Mark IV (Thermo Fisher 

Scientific), with a wait time of 15 s, blot time of 8 s, and a blot force of 20 at 100% 

humidity.

Cryo-EM Data Collection and Processing

Data collection and processing were performed as previously described28, with additional 

and specific details provided here. Cryo-EM data were collected on a 300 kV Titan 

Krios G3i Microscope (Thermo Fisher Scientific) which was equipped with a K3 direct 

electron detector (Gatan) and a GIF quantum energy filter (25 eV) (Gatan) using counted 

mode at the Harvard Cryo-Electron Microscopy Center for Structural Biology at Harvard 

Medical School. Data were acquired utilizing image shift and real-time comma correction 

by beamtilt using the automated data collection software SerialEM 40; nine holes were 

visited per stage position and a single movie was acquired per hole. Details of the data 

collection and dataset parameters are summarized in Table 1. Dose-fractionated images 

were gain normalized, aligned, dose-weighted, and summed using MotionCor2 41 Contrast 

transfer function (CTF) and defocus value estimation were performed using CTFFIND4 42. 

Details of the data processing strategy are shown in Extended Data Fig. 3 and 4. Briefly, 

particle picking was carried out using crYOLO 43 followed by initial 2D classification 

within Relion 44 to give 953,049 particles. Heterogeneous classification in cryosparc 45 was 

used to sort particles into 20S or Blm10-containing groups or into “junk” classes which 

identified 310,494 20S particles. The 20S particles underwent Bayesian particle polishing 

and CTF refinement within Relion 3.1, and then further 3D classification using symmetry 

relaxation which identified 56,069 20S particles containing an unknown central density 
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(which ultimately proved to be Fub1). This resulted in a 3.0 Å reconstruction following 

subsequent rounds of CTF refinement and non-uniform refinement within cryosparc with C2 

symmetry imposed (3.2 Å C1). Additionally, empty 20S classes were identified, the best of 

which underwent CTF refinement and non-uniform refinement in cryosparc resulting in a 

2.7 Å C2 reconstruction from 150,227 particles (2.9 Å C1). Structural biology applications 

used in this project were compiled and configured by SBGrid 46.

Model Building and Refinement

The higher resolution 20S α3Δ model was built first using 7LS5 as a starting model. The 

duplicate α4 subunits were superimposed onto α3 of the starting model and then rigid body 

fit into the density. For both models, components were first rigid body fit into the electron 

density using UCSF Chimera (or Chimera X) 47. This was followed by iterative cycles of 

manual building and refinement using Coot 48 and ISOLDE 49 for manual building, and 

Phenix 50 for real space refinement. The portion of the Fub1 density located near the CP 

ß2 subunit was built de novo; anchor regions for remaining portions were identified using 

DeepTracer 51 and manually rebuilt in Coot. 20S α3Δ and 20S α3Δ + Fub1 complexes were 

subjected to the same iterative process of manual building and refinement.

Sequence Analysis of Evolutionary Conservation

Evolutionary sequence conservation was analyzed using Consurf 52,53. Comparison of full-

length yeast and human sequences was done with Clustal Omega.

Cross-linking Mass Spectrometry

Affinity-purified α3Δ CP (~1.9 μM) was cross-linked with DSSO at a molar ratio of 1:100 

(protein to linker) for 1h at room temperature 26. After quenching with 50 mM NH4HCO3 

for 10 min, cross-linked CP complexes were transferred onto a 30 KDa FASP centrifugal 

filter for protein digestion as described 54. Cross-linked proteins were digested by Lys-C/

Trypsin, Trypsin/Chymotrypsin, Lys-C/Chymotrypsin and Lys-C/Glu-C, respectively. For 

Lys-C/Trypsin digestion, samples were first digested by Lys-C (enzyme to protein ratio 

at 1:100) at 37°C for 4 h in 8M urea/25mM NH4HCO3 buffer, followed by trypsin 

digestion (enzyme to protein ratio of 1:50) in 1.5 M urea at 37°C overnight. For Trypsin/

Chymotrypsin digestion, samples were dissolved in 25mM NH4HCO3 buffer containing 

10mM CaCl2 and digested by trypsin (enzyme to protein ratio of 1:100) and Chymotrypsin 

(enzyme to protein ratio of 1:100) at 37°C overnight. For Lys-C/Chymotrypsin digestion, 

samples were first digested by Lys-C (enzyme to protein ratio at 1:100) at 37°C for 4 h in 

8M urea/25mM NH4HCO3 buffer, followed by Chymotrypsin digestion (enzyme to protein 

ratio at 1:50) in 25mM NH4HCO3 buffer containing 1.5 M urea and 10 mM of CaCl2 at 

room temperature overnight. For Lys-C/Glu-C digestion, samples were first digested Lys-C 

(enzyme to protein ratio at 1:100) at 37°C for 4 h in 8M urea/25mM NH4HCO3 buffer, 

followed by Glu-C (enzyme to protein ratio at 1:100) in 25 mM NH4HCO3/1.5 M urea at 

37°C overnight. The resulting peptides were extracted, desalted and separated by peptide 

SEC, and analyzed by LC MSn as described 54. MS3 data were searched in Batch-Tag of 

Protein Prospector (v. 6.4.23). DSSO cross-linked peptides were identified at ≤ 0.19% FDR 

through the integration of MSn data using an in-house script XL-Tool 54.
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Extended Data

Extended Data Fig. 1. Proteasome Activity in Whole Cell Extracts.
a, Proteasome activity in whole cell extracts from wild-type and fub1Δ cells, as determined 

using the fluorogenic substrate suc-LLVY-AMC. Open circles indicate individual data 

points from biologic replicates. b, Proteasome levels are comparable in whole cell extracts. 

Extracts were prepared and analyzed by SDS-PAGE followed by immunoblotting with 

indicated antibodies. Alpha5 is a CP subunit while Pgk1 represents a loading control. 

Uncropped images for panel b and data for panel a are available as source data.
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Extended Data Fig. 2. Additional Analysis of Fub1 Binding to alpha3Δ CP.
a, Purified CP (1.4 μg) from the indicated strains was analyzed by native gel electrophoresis 

followed by immunoblotting with antibodies recognizing Fub1 and Alpha5. These results 

confirm that the Fub1-immunoreactive species do indeed represent Fub1. b, Purified CP 

(1.1 μg) from the indicated strains was analyzed by native gel electrophoresis followed by 

immunoblotting with antibodies recognizing Fub1 and Blm10. These results indicate that the 

two supra-20S species contain Blm10. The identity of the highest molecular weight species, 

however, remains uncertain as doubly Blm10-capped CP was not visualized by cryo-EM 

(see Extended Data Fig. 3, below). Similar results were obtained in two independent 

experiments.
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Extended Data Fig. 3. Cryo-EM Classification of CP Species.
Processing scheme for classification and refinement of proteasome species. “Junk” classes 

are colored grey while identifiable species are colored by species. All 3D classification steps 

were carried out in cryoSPARC.
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Extended Data Fig. 4. Cryo-EM Data Analysis for CP Species.
a, Representative micrograph of proteasome particles embedded in vitreous ice. Scale bar = 

500 Å. A total of 12,834 micrographs were collected from a single multi-day experiment. 

b, Selected 2D class averages of 20S particles. c, Local resolution slice through the α3Δ 
+ Fub1 containing reconstruction. Local resolution values vary between ~3.0 - 5.0 Å 

in this region. CP density around Fub1 is shown for orientation. d, Reconstructions of 

Fub1-containing (top panels) and Fub1-lacking (bottom panels) CP filtered and colored by 

local resolution (left), gold-standard Fourier shell correlation (FSC) curves from cryoSPARC 

(middle), and viewing direction distribution plots (right). Resolution determined at FSC = 

0.143.
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Extended Data Fig. 5. Further Analysis of β2 Inhibition by Fub1 Peptides.
Mapping of the inhibitory effect of the β2 peptide. The structure of this part of Fub1 is 

shown above, although the last three residues were not resolved.
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Extended Data Fig. 6. Additional Low Resolution Density in the α3Δ + Fub1 Structure.
Shown is the same low pass filtered map from Fig. 7d. In addition to the capping density 

shown in Fig. 7d, there is further density from difference maps (shown in green) within the 

CP barrel that extends through the α-ring and into the β-ring. Difference density has been 

further gaussian filtered and additional unconnected density omitted for clarity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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structures referenced here include 3MG0, 5CZ4, and 7LS5. Source data are provided with 

this paper.
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Fig. 1 ∣. Enrichment of Fub1 in the alpha3Δ Mutant.
a, CP (15 nM) enzymatic activity in the presence or absence of Fub1 (25-fold molar excess) 

as determined using the fluorogenic substrate suc-LLVY-AMC. Open circles indicate 

individual data points from biologic replicates. b, Growth of the indicated strains on 

selective media in the presence or absence of canavanine (1.5 μg/mL). Cells were spotted 

in 3-fold serial dilutions and cultured at 37°C for 2-7 days. Similar results were obtained 

in ten independent experiments. c, Size exclusion chromatography of clarified whole cell 

extracts from the indicated strains. The indicated fractions were analyzed by SDS-PAGE 

and immunoblotting with antibodies recognizing Fub1 and the CP subunit Alpha5. Heavier 

material runs to the left. Similar results were obtained in two independent experiments. d, 

Purified CP (0.9 μg) from the indicated strains was analyzed by native gel electrophoresis 

followed by immunoblotting with antibodies recognizing Fub1 and Alpha5. Similar results 

were obtained in five independent experiments. Uncropped images for panel c and data for 

graph in panel a are available as source data.
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Fig. 2 ∣. α3Δ CP Shows an Open Gate Due to Aberrant α-ring Composition.
a, Electrophoretic profile and size exclusion chromatography of purified CP from wild-

type and α3Δ. Arrowhead denotes α3. Similar results were obtained in five independent 

experiments. b, Side view of α3Δ CP (2.7 Å). c, Top view comparing wild-type CP (5CZ4) 

and α3Δ CP. Note the constitutively open gate in α3Δ CP. d, Modeling of the α3Δ CP 

confirms that a second copy of α4 is present at the position normally occupied by α3. 

Yellow arrows indicate areas of the density incompatible with α3. Uncropped image for 

panel a is available as source data.
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Fig. 3 ∣. Cryo-EM Structure of Fub1-bound CP.
a, Structure of α3Δ CP (3.0 Å) with a novel central density that corresponds to Fub1. The 

extra copies of α4 are indicated. Shown to the right is the modeled structure of the Fub1 

dimer with the first and last resolved residues listed. b, Fub1 interacts with and occupies 

all of the active site pockets. For clarity, the Fub1 density is shown with only one of the 

β-rings and the second Fub1 protein has been omitted. Active site threonines are labeled. 

c, The Fub1 model is shown overlaid onto the primary cryo-EM map density. Dimerization 

occurs near each β5 active site. Regions interacting with the indicated β-subunit active sites 

are indicated. d, Close-up views of Fub1 confirming that the density closely matches the 

modeled amino acid side chains of Fub1.
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Fig. 4 ∣. Interaction of Fub1 with Proteasome Active Sites.
a, Interaction of the modified dipeptide proteasome inhibitor bortezomib with the β5 active 

site pocket (3MG0). b, Fub1's interaction with the β5 active site pocket mirrors many of the 

interactions seen in panel A. c, Close-up view of Fub1 with the β1 active site. d, Close-up 

view of Fub1 with the β2 active site. Dashed lines indicate hydrogen bonds.
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Fig. 5 ∣. Inhibition of Individual CP Active Sites by Fub1.
a-c, CP (15 nM) enzymatic activity in the presence or absence of Fub1 (25-fold molar 

excess) as determined using the fluorogenic substrates Z-LLE-AMC (β1), suc-LLVY-AMC 

(β5), and Boc-LRR-AMC (β2). d-f, CP (15 nM) activity in the presence or absence of Fub1 

(25-fold molar excess) as determined using the three fluorogenic substrates. g-i, CP (15 nM) 

activity in the presence or absence of Fub1(213-232) peptide (50 μm) as determined using 

the three fluorogenic substrates. AU, arbitrary units. Open circles indicate individual data 

points from biologic replicates. j, Growth of the indicated strains on selective media in the 

presence or absence of canavanine (1.5 μg/mL). Cells were spotted in 3-fold serial dilutions 

and cultured at 37°C for 3-7 days. Similar results were obtained in three independent 

experiments. Data for graphs in panels a-i are available as source data.
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Fig. 6 ∣. Fub1 Evades Degradation by Distinct Mechanisms at Each Active Site.
a, Cycloheximide chase analysis of Fub1 stability. Cycloheximide (100 μg/ml) was added 

at time zero, and whole-cell extracts were prepared and analyzed by SDS-PAGE followed 

by immunoblotting with the indicated antibodies. Similar results were obtained in three 

independent experiments. b, Positioning of Fub1 in the active site pocket of β5. Fub1 

residues corresponding to the P1 and P1' positions were determined by comparison 

to structures of CP bound to peptide inhibitors. The active site Thr76 is indicated. c, 

Positioning of Fub1 in the active site pocket of β2. The active site Thr30 is indicated. d, 

Positioning of Fub1 in the active site pocket of β1; Fub1 is oriented in the opposite direction 

relative to other CP-inhibitor structures. The active site Thr20 is indicated. The distance 

between the active site Thr and the polypeptide main chain is indicated by the double-sided 

arrow (panels c,d). Uncropped images for panel a are available as source data.
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Fig. 7 ∣. Fub1 is Enriched in Open Gate CP Mutants and its Ability to Inhibit CP is 
Evolutionarily Conserved.
a, CP (15 nM) enzymatic activity of the indicated strains in the presence or absence of 

SDS (0.02%) as determined using the fluorogenic substrate suc-LLVY-AMC. b, Purified CP 

(1.7 μg) from the indicated strains was analyzed by native gel electrophoresis followed by 

immunoblotting with antibodies against Fub1 and Alpha5. Right panel, Coomassie-stained 

gel. Similar results were obtained in two independent experiments. c, Crosslinks between 

Fub1 and CP subunits as determined by cross-linking mass spectrometry. d, Electron density 

maps (low pass filtered to 10Å) of a3Δ CP with and without Fub1. The additional density 

is indicated. e, Yeast CP (15 nM) enzymatic activity in the presence or absence of yeast 

Fub1 or human PI31 (25-fold molar excess) as determined using the fluorogenic substrate 

suc-LLVY-AMC. f, Human CP (10 nM) enzymatic activity in the presence or absence of 

human PI31 or yeast Fub1 (37.5-fold molar excess). In panels a, e and f, open circles 

indicate individual data points from biologic replicates. Data for graphs in these panels are 

available as source data.
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Table 1:

Cryo-EM data collection, refinement and validation statistics

Alpha3Δ
(EMD-25847, PDB

7TEJ)

Alpha3Δ+Fub1
(EMD-25848, PDB

7TEO)

Data collection and processing

Magnification 47,169

Voltage (kV) 300

Electron exposure (e−/Å−2) 53.85

Defocus range (μm) 0.8, 2.2

Pixel size (Å) 1.06

Symmetry imposed C2 C2

Initial particle images (no.) 953,049

Final particle images (no.) 150,227 56,059

Map Resolution (Å) 2.7 3.0

 FSC threshold 0.143

Map resolution range (Å) 2.5-5.2 2.7-6.3

Refinement

Initial model used 7LS5 Alpha3Δ

Model resolution (Å) 2.90 3.20

 FSC threshold 0.500 0.500

Map-sharpening B-factor (Å2) −80.9 −72.2

Model composition

 Non-hydrogen atoms 45,748 48,916

 Protein residues 5,863 6,288

B factors (Å2)

 Protein 46.32 56.46

R.M.S.D. deviations

  Bond lengths (Å) 0.004 0.003

  Bond angles (°) 0.582 0.548

Validation

MolProbity score 1.24 1.22

Clashscore 4.73 4.46

Poor rotamers (%) 0 0.00

Ramachandran plot

  Favored (%) 98.60 98.45

  Allowed (%) 1.40 1.22

  Disallowed (%) 0 0
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