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N-Terminal o7 Deletion of the Proteasome 20S Core Particle
Substitutes for Yeast PI31 Function

Hideki Yashiroda,® Yousuke Toda,? Saori Otsu,® Kenji Takagi,® Tsunehiro Mizushima,® Shigeo Murata®

Laboratory of Protein Metabolism, Graduate School of Pharmaceutical Sciences, The University of Tokyo, Bunkyo-ku, Tokyo, Japan?; Picobiology Institute, Department of
Life Science, Graduate School of Life Science, University of Hyogo, Ako-gun, Hyogo, Japan®

The proteasome core particle (CP) is a conserved protease complex that is formed by the stacking of two outer a-rings and two
inner B-rings. The a-ring is a heteroheptameric ring of subunits a1 to a7 and acts as a gate that restricts entry of substrate pro-
teins into the catalytic cavity formed by the two abutting (3-rings. The 31-kDa proteasome inhibitor (PI31) was originally identi-
fied as a protein that binds to the CP and inhibits CP activity in vitro, but accumulating evidence indicates that PI31 is required
for physiological proteasome activity. To clarify the in vivo role of PI31, we examined the Saccharomyces cerevisiae PI31 or-
tholog Fubl. Fub1 was essential in a situation where the CP assembly chaperone Pba4 was deleted. The lethality of Afubl Apba4
was suppressed by deletion of the N terminus of a7 (a7AN), which led to the partial activation of the CP. However, deletion of
the N terminus of a3, which activates the CP more efficiently than a7AN by gate opening, did not suppress Afubl Apba4 lethal-
ity. These results suggest that the a7 N terminus has a role in CP activation different from that of the a3 N terminus and that the
role of Fub1 antagonizes a specific function of the &7 N terminus.

he 26S proteasome is a multicatalytic protease complex con-

served in eukaryotes (1). Its main function is to serve as a
selective and regulated mechanism for intracellular protein deg-
radation, mainly in a ubiquitin-dependent manner. The 26S pro-
teasome consists of one 20S core particle (CP) and one or two 19S
regulatory particles (RPs) attached to the CP.

The CP exerts proteolytic activity and is made up of four axially
stacked heteroheptameric rings: two outer a-rings formed by a1
to a7 and two inner 3-rings formed by B1 to B7. Of the seven
B-subunits, only B1, B2, and B5 have proteolytic activities. The
archaebacterium Thermoplasma acidophilum has a prototype of
the CP that consists of a single type of a- and -subunit, with all
the B-subunits being catalytically active. Another difference be-
tween archaeal and eukaryotic CPs is the structure of the a-rings.
Whereas archaeal CPs have a disordered gate that is permeable to
peptide substrates, the eukaryotic a-ring of the CP is primarily in
a closed state because the N termini of a1, a2, a3 (Pre9), a6, and
a7 project into the opening of the a-ring (2—4). Therefore, the
activity of the eukaryotic CP is basically latent. Of the a-subunits,
a3 is supposed to be most important because the N terminus of a3
projects directly across the pseudo 7-fold symmetry axis. In addi-
tion, its deletion (a3AN) causes disorder of the N termini of a1,
a5, and a7, leading to an open state of a-rings (5). In vivo, binding
of CP activators, such as the RPs, opens the closed a-ring (6, 7).

The CP is assembled with the aid of various proteasome-ded-
icated chaperones in mammals and Saccharomyces cerevisiae (8—
13). The assembly of CPs begins with the formation of the a-ring,
assisted by the heterodimeric complexes PAC1-PAC2/Pbal-Pba2
and PAC3-PAC4/Pba3-Pba4 in mammals/yeast. After the forma-
tion of the a-ring, B-subunits are recruited to the a-ring in a
defined order with the help of another assembly chaperone,
Umpl, during which PAC3-PAC4/Pba3-Pba4 detaches from the
assembly intermediate, while PAC1-PAC2/Pbal-Pba2 and Umpl
are kept associated with them until the completion of CP assem-
bly. The resultant half-CPs dimerize to form a mature CP. As
expected, knockdown of PAC proteins in mammalian cells im-
pairs a-ring formation, resulting in poor maturation of CPs (14,
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15). It has also been reported that the amount of CPs decreases in
Apba3 and Apba4 deletion mutants of yeast (16-19).

The 31-kDa proteasome inhibitor (PI31) was originally iden-
tified in mammals as a protein that inhibits the peptidase activity
of the CP in vitro (20). PI31 has been shown to compete with PA28
and the RP for binding to the CP in vitro (21, 22). Furthermore,
when PI31 was overexpressed in cells, the formation of the immu-
noproteasome, which is one of the CP subtypes, was attenuated,
and thus processing of an immunoproteasome-dependent
epitope was impaired (23). In contrast, recent studies have shown
that the Drosophila melanogaster P131 homolog (DmPI31) acti-
vated the 26S proteasome i vitro and that knockdown of DmPI31
in flies compromised protein degradation by the proteasome (24,
25), while mammalian PI31 had no effect on the in vitro activity of
the 26S proteasome (26). In view of these conflicting findings, the
physiological role and the mechanism of action of PI31 in protea-
some-mediated protein degradation remain enigmatic.

The PI31 homolog in S. cerevisiae, encoded by YCR076¢, has
been reported recently as one of the barrier proteins that block the
spread of transcriptional gene silencing (27). This protein, named
Fubl (function of boundary), has been shown to associate with
the CP subunits. Hatanaka et al. also showed that FUB1/YCRO076¢
exhibited genetic interactions with several proteasome-related
genes, suggesting a functional relationship between the PI31 ho-
molog and the proteasome in budding yeast (27). However,
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whether Fub1 acts on proteasomes positively or negatively has not
been fully understood.

In this study, we found a genetic interaction between the FUBI,
PBA3, PBA4, and CP a-subunit genes. Deletion of FUBI was lethal
under Pba3- and Pba4-deficient conditions. This lethality was
suppressed by Aa3 and a7 with an N-terminal deletion (a7AN),
both of which lead to the partial activation of the CP. Interestingly,
a3AN, which activates the CP more efficiently than «7AN by gate
opening, did not suppress the lethality of the Afubl Apba3 mu-
tant. These findings suggest that Fub1 is not a CP inhibitor in vivo
and that it exerts its function via the activity of the CP, which is
enhanced by a7AN. Our results also suggest that the a7 N termi-
nus has biological significance, a notion that has not received
much attention so far.

MATERIALS AND METHODS

Strains and plasmids. The E. coli strain DH5a was used for propagating
plasmids. BL21(DE3) cells were used for expression and purification of
recombinant proteins. Yeast strain genotypes are given in Table 1. Yeast
knockout strains (catalog number YSC1053) were purchased from Open
Biosystems. Media and methods for standard culture, mating, sporula-
tion, tetrad analysis, and transformation were described previously (28,
29). The plasmids used in this study are listed in Table 2.

Constructions of the 3AN and a7AN alleles. For construction of
a3AN, PCRs were performed using the BY strain genome as a template
DNA and the primer sets of T110 (AAGGATCCGGAGAAGCCAGTGAT
CAAG)/T121 (CTCAGGGGAGAAAATTGTCATGTTTAACACTACTA
ACTATA) and T122 (TATAGTTAGTAGTGTTAAACATGACAATTTT
CTCCCCTGAG)/T123 (AAGTCGACGCCTTCCACCCTGTATAGTT).
Then, the resultant PCR fragments and the primers T110 and T123 were
used for the second PCR. The obtained fragments were cloned into the
EcoRI and Sall sites of pRS306. The constructed plasmid, pYT75, was
linearized by EcoRI digestion and integrated into the BY wild-type strain.
For a7AN, the primer sets for the first PCRs were 797 (ATCTCGAGCAT
TGACAGCTCAGACGATAG)/798 (CTACCATCGGGGGAAAAAACA
CTCATTGCTGAAGAGTTATGC) and 799 (GCATAACTCTTCAGCAA
TGAGTGTTTTTTCCCCCGATGGTAG)/800 (ATGCGGCCGCGCTTC
CTGTAGCAGATCGCC). The second PCR was performed using the first
PCR fragments and the primer set 797 and 800. The resultant fragments
were cloned into pRS303, and then the obtained plasmid, pT314, was
linearized by HinclII and integrated into the BY wild-type strain.

Protein extraction. For immunoprecipitation and protein purifica-
tion, cells were suspended in lysis buffer (50 mM Tris-HCI [pH 7.5], 100
mM NaCl, 10% [vol/vol] glycerol, I mM phenylmethylsulfonyl fluoride
[PMSEF], and 0.25% [vol/vol] Triton X-100). For glycerol gradient analy-
sis, cells were suspended in 25 mM Tris-HCI (pH 7.6), 5 mM MgCl,, 1
mM dithiothreitol (DTT), and 2 mM ATP. Total cell lysates were pre-
pared by vortexing them with glass beads using a Multi-beads shocker cell
disruptor (Yasui Kikai), and then the lysates were cleared by centrifuga-
tion at 20,000 X g for 10 min at 4°C.

Coimmunoprecipitation. For Fig. 2D and 9B, cell fractions or appro-
priate total cell lysates were mixed with anti-Flag M2 agarose beads
(Sigma) and incubated for 2 h. Immunoprecipitates were then eluted in
lysis buffer containing 200 pg/ml 3 X Flag peptides (Sigma). For Fig. 2B,
cell fractions were mixed with anti-Fub1 antibodies and incubated for 2 h,
after which protein G-Sepharose beads (GE Healthcare) were added and
the mixture was incubated for 1 h. The beads were then boiled in 1X
sample buffer for SDS-PAGE, and immunoprecipitates were eluted.

Immunological analysis. SDS-PAGE and Western blotting were per-
formed according to standard protocols. Anti-Fubl, antihemagglutinin
(anti-HA; Babco), anti-Flag (Sigma), antiubiquitin (LifeSensor), anti-o5
(our stock), and anti-Pgkl (Molecular Probes) antibodies were used at
various points during the course of this study. Anti-Fub1l was raised in
rabbits using recombinant 6 XHis-Fubl. 6 XHis-Fubl was expressed in
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Strain

Strain Genotype background
BY4741  MATa hisAl leu2A0 met15A0 ura3A0
BY4742  MATa hisAl leu2A0 lys2A0 ura3A0
W303a  MATa his3 leu2 ura3 trpl ade2 canl
YT54 MATa Apba4:kanMX4 BY
YT116 MATa Apba4::HIS3MX6 BY
YT122 ~ MATa Apre9:kanMX4 BY
YT124 MATa Arpnl0:kanMX4 BY
YT126 ~ MATa Aecm29:kanMX4 BY
YT128 ~ MATa AsemI::kanMX4 BY
YT130 MATa RPN11-3XFlag-kanMX4 BY
YT270  MATa Aumpl::kanMX4 BY
YT385 MATa a6-3HA-HIS3MX6 BY
YT556 MATa Afubl::kanMX4 BY
YT580  MATa Arpn4::HIS3 Afub31:kanMX4 BY
YT595 MATa GALIp-PBA3-TRP1a6-3HA-HIS3MX6 W303
YT678  MATalo Afub31:kanMX4/+ Apba4::HIS3MX6/+  BY
YT681 MATa Afubl::HIS3MX6 BY
YT745 MATa GALIp-PBA3-TRP1a6-3HA- W303

HIS3MX6Afubl::kanMX4
YT782  MATa Ablm10::TRP1 Afubl:kanMX4 KA
YT800  MATa Afubl:hphMX6 BY
YT836  MATa Arpnl0:kanMX4 Afub31:HIS3MX6 BY
YT837  MATa Apre9:kanMX4 Afubl::HIS3MX6 BY
YT838  MATo ArpnlO:kanMX4 Afubl::HIS3MX6 BY
YT839  MATo Aseml:kanMX4 Afubl::HIS3MX6 BY
YT1138 MATo a3AN-URA3 BY
YT1140 MATo a7AN-HIS3 BY
YT1141 MATo a3AN-URA3a7AN-HIS3 BY
YT1148 MATo a7AN-HIS3 Afubl:hphMX6 BY

Apba4::kanMX4
YT1177  MATo Aumpl:kanMX4 Afubl:hphMX6 BY
YT1203 MATo PREI-3XFlag-kanMX4 Afubl:hphMX6 ~ BY
YT1209 MATa PREI-3XFlag-kanMX4 BY
YT1219  MATa PREI-3XFlag-kanMX4a3AN-URA3 BY
YT1222 MATo PREI-3XFlag-kanMX4a7AN-URA3 BY
YT2-1D MATa Ablm10::TRPI KA
TD110 MATa GALIp-PBA3-TRPI W303

a6-3HA-HIS3MX6Afubl::kanMX4

Aprbl:natMX6
TD132 GALIp-PBA3-TRP1 RPN11-3XFlag-natMX6 W303
TD133 GALIp-PBA3-TRPI1 Afubl:kanMX4 W303

RPN11-3XFlag-natMX6
TD206 MATa Afubl::kanMX4 03G155R-URA3 BY

Escherichia coli using pMO32 (pET28-FUBI) and purified using Ni-nitri-
lotriacetic acid (Ni-NTA) agarose (Qiagen). The experimental protocols
were approved by the Ethics Review Committee for Animal Experimen-
tation of the University of Tokyo.

Proteasome purification. 26S proteasomes and CPs were purified us-
ing anti-Flag M2 agarose beads from YT130 (wild-type RPN11-3XFlag),
YT1209 (wild-type PREI-3XFlag), YT1203 (Afubl PREI-3XFlag),
YT1219 (a3AN PREI-3XFlag), YT1222 (a7AN PREI-3XFlag), TD132
(GALI-PBA3 RPN11-3XFlag), and TD133 (GALI-PBA3 Afubl RPN11-
3XFlag) cells (30). Peptidase inhibitors were required to inhibit the pro-
cessing of TD133 proteasome subunits by upregulated Prbl during the
purification procedure (31). For the preparation of CPs used in Fig. 3B,
500 mM NaCl was used for washout of RPs from 26S proteasomes bound
to M2 agarose beads during the purification procedure.

Glycerol gradient analysis. Cell extracts (2 mg of protein) were sepa-
rated into 32 fractions by centrifugation (22 h, 100,000 X g) in 8 to 32%
(vol/vol) glycerol linear gradients as described previously (15).
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TABLE 2 Plasmids used in the present study

Plasmid ~ Character Source

pRS303  HIS3 vector for integration Sikorski and Hieter
(45)

pRS306  URAS3 vector for integration Sikorski and Hieter
(45)

pRS316  URA3 ARS CEN Sikorski and Hieter
(45)

pHY68 3 XFlag-kanMX6 Yashiroda and
Tanaka (46)

pYF2 GALIp-Flag URA3 2 Gift from Saeki

pYF5 GALIp-Flag URA3 2 (cloning sites are Gift from Saeki

different from those in pYF2)

pYO326  URA3 2w Qadota et al. (47)

pT6 pYF2-PBA4 This study

pT17 pRS316-PBA4 Yashiroda et al. (17)

pT168 pYF2-FUBI This study

pT169 pYF2-YDL199C This study

pT170  pYF2-YGRO67C This study

pT171 pYF2-YGR067C This study

pT172 pYF2-YOL098C This study

pT173 pYF2-YOL087C This study

pT174 pYF2-YBLO54W This study

pT175 pYE2-YDL156W This study

pT176 pYF2-YOL022C This study

pT177 pYF2-YHR003C This study

pT261 pYO326-FUBI This study

pT271 pYF5-human PI31 This study

pT314 pRS303-a7AN This study

pT322 GALIp-Flag LEU2 2. This study

pT333 pT322-FUBI This study

pT334 pT322-FUBI (PI domain) This study

pT335 pT322-FUBI (N terminus) This study

pT327 pT322-FUBI (N terminus of PI domain)  This study

pT328 pT322-FUBI (C terminus of PI domain)  This study

pMO1 pYEF2-YKLO27W This study

pMO5 pYF2-YNL313C This study

pMO23  pRS316-FUBI This study

pMO32  pET28-FUBI This study

pYT75 pRS306-a3AN This study

Assay of proteasome activity. Peptidase activity was measured using
a fluorescent peptide substrate, succinyl-Leu-Leu-Val-Tyr-7-amino-4-
methylcoumarin (Suc-LLVY-MCA) (Peptide Institute, Inc.), as described
previously (15). A low concentration of 0.025% (wt/vol) SDS was used as
an artificial activator of CPs that are usually latent in cells. For the in vitro
assay results shown in Fig. 3B, 1 nM affinity-purified CPs or 26S protea-
somes and various concentrations of recombinant Fub1l were mixed and
preincubated at 37°C for 15 min and then further incubated at 37°C for 1
hin 100 mM Tris-HCI (pH 8.0), 50 uM Suc-LLVY-MCA before peptidase
activity was measured.

In-gel peptidase activity assay. Native-PAGE and in-gel peptidase
activity assays were basically performed according to the protocols of
Elsasser etal. (32). About 100 pg of total lysates was electrophoresed using
4% native gels at 15 mA for 3 h. The gels were incubated with 100 uM
Suc-LLVY-MCA in developing buffer for 5 min. After incubation, gels
were exposed to UV light and photographed with a LAS-4000 mini bio-
molecular imager (Fujifilm).

In vitro ubiquitination and degradation assay. The experiment for
Fig. 5C was performed according to the protocols of Saeki et al. (30). 26S
proteasomes were purified using anti-Flag M2 agarose beads from TD132
and TD133 cells, which were cultured not to reach stationary phase in
yeast extract-peptone-dextrose (YPD) liquid medium for 2 days. YPD
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medium was used to shut off the expression of PBA3 under the control of
the GALI promoter.

Detection of polyubiquitinated proteins. We followed a method to
detect polyubiquitinated proteins described previously (33). Cells were
suspended in 200 ml cold ethanol containing 2 mM PMSF. Cells were lysed by
agitation with 200 ml glass beads for 10 min. Cells lysates were dried and
suspended in sample buffer for Western blotting. The primary antibody
was anti-Ub antibody (LifeSensors), and the secondary antibody was anti-
mouse IgG horseradish peroxidase (Jackson ImmunoResearch).

Identification of Prbl. YT745 (GALIp-PBA3 Afubl:kanMX4) cells
were cultured in 1 liter of YPD for 32 h at 2.5 X 107 cells/ml. After frac-
tionation by glycerol gradient centrifugation, fractions containing non-
proteasomal peptidase activity were collected and subjected to a Resource
Q anion-exchange column. The resultant positive fractions were further
applied to the Resource S cation-exchange column. Purified proteins were
concentrated with acetone precipitation, digested with trypsin, and iden-
tified using mass spectrometry (AB Sciex TOF/TOF 5800 system).

Screening for suppressor mutations of Afubl Apba4 cells. Afubl
Apba4 cells bearing pMO23 (pRS316-FUBI ) were mutagenized according
to the protocol of Burke et al. (29). Mutagenized cells were spread onto
YPD plates and incubated for 3 days at 27°C. Colonies were replicated on
SD plates containing 0.5 pg/ml 5-fluoroorotic acid (5-FOA). Among 105
strains resistant to 5-FOA, one strain had a temperature-sensitive and
recessive mutation. We screened a genomic library and isolated a plasmid
which suppressed this temperature sensitivity. The responsible gene was
identified as PRE9 by subcloning, and the mutation site was determined
by sequence analysis of PRE9 in the revertant.

Crystallization and data collection. S. cerevisiae CPs with the a7AN
mutation were affinity purified from the YT1222 strain using anti-Flag
M2 agarose beads (Sigma) and concentrated to 7.2 mg/ml by ultrafiltra-
tion in a buffer containing 25 mM Tris-HCl (pH 7.5) and 1 mM DTT.
Crystals were grown by the hanging-drop vapor diffusion method at 293
K in drops containing a mixture of 1 .l of protein solution and 1 pl of
reservoir solution, which consisted of 0.1 M MES (morpholineethanesul-
fonic acid; pH 6.5), 50 mM magnesium acetate, and 14% (vol/vol)
2-methyl-2,4-pentanediol (MPD). Diffraction data were collected under
cryogenic conditions on the BL44XU beamline at Spring8 (Harima, Ja-
pan). Data processing and reduction were conducted with HKL-2000
software (34).

Structure determination and refinement. The structure of the CP
with a7AN was solved by molecular replacement with the wild-type yeast
CP structure (Protein Data Bank [PDB] accession number 1RYP) (2) asa
search model. Molecular replacement was performed with the MOLREP
program (35). The models were subsequently improved through alternate
cycles of manual rebuilding using Coot (36) and refinement with the
program REFMACS5 (37). Data collection, phasing, and refinement statis-
tics are summarized in Table 3. Structure figures were generated using
PyMOL (38).

Protein structure accession number. The atomic coordinate for the
a7AN CP has been deposited under PDB accession number 3WXR.

RESULTS

Fub1 is associated mainly with the 20S CP. In an attempt to iden-
tify proteasome-interacting proteins with a novel function, we
selected 12 uncharacterized S. cerevisiae proteins that have been
reported to physically interact with the proteasome from the
BioGRID interaction database (39). These interactions were de-
tected by large-scale analyses using the affinity capture-mass spec-
trometry or yeast two-hybrid system. Therefore, to validate the
interaction of these proteins with the proteasome, each of the 12
proteins with N-terminal Flag tags was ectopically overexpressed
in yeast cells and immunoprecipitated, followed by immunoblot
analysis with antibodies to the endogenously HA-tagged CP sub-
unit a6. Of the 12 proteins, Ycr076¢ most reliably coprecipitated
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TABLE 3 Data collection and refinement statistics

Parameter” Value(s)? or group

Data collection
Wavelength (A) 0.9
Unit cell a, b, ¢ (A) 137.2,298.6, 145.4
Unit cell o, B,y (°) 90, 113.1, 90
Space group P2,
Resolution range (A) 50.0-3.15 (3.20-3.15)

Total no. of reflections 536,846
No. of unique reflections 183,783
Completeness (%) 87.0 (82.2)
Redundancy 3.4 (3.2)
Rinerge (%) 13.5 (42.2)
/o (D)) 13.7 (3.5)
Refinement statistics
Resolution range (A) 48.2-3.15
No. of reflections used 151,713
Free R reflections (%) 8,012
Ry Riree (%) 17.3/24.2
RMSD bond length (&) 0.011
RMSD bond angle (°) 1.75
No. of protein atoms 49,372
B factor (A?) for protein 52.1

@ RMSD, root mean square difference.
b The values for the highest-resolution shell are in parentheses.

with a6 (Fig. 1). Ycr076¢ has homology with human PI31 (hPI31)
and was recently identified as Fub1 (27).

To examine how Fubl interacts with the proteasome in yeast,
cell lysates were fractionated by glycerol gradient centrifugation,
followed by measurement of peptidase activity of each fraction in
the presence of 0.025% SDS, which artificially activates the CP
(Fig. 2A). Fubl was sedimented mainly in fractions 2 to 12,
where no assembled CP existed, as revealed by the absence of
any peptidase activity (Fig. 2A). However, a small but signifi-
cant amount of Fub1 was detected in fractions 16 to 30, which
correspond to the fractions containing the 20S CP and the 26S
proteasome. Fub1l was relatively enriched in the 20S fractions
compared to the 26S fractions. The 20S fractions (fractions 16
to 20) and 268 fractions (fractions 26 to 30) were subjected to
immunoprecipitation using anti-Fubl antibodies. Immuno-
blot analysis revealed that Fubl was coprecipitated with CP
subunit a5 in the 20S and the 26S fractions, indicating that
Fubl was associated with both the 20S CP and the 26S protea-
some (Fig. 2B). To further confirm this, lysates of Rpn11-Flag-
expressing cells were fractionated, followed by immunopre-
cipitation of fractions containing free 19S RPs (fractions 20 to
22) as well as the 26S fractions (fractions 26 to 30) with anti-
Flagantibodies (Fig. 2C). Fub1 was coprecipitated with Rpn11-
Flag in the 26S fractions but not with Rpn11-Flag in the free
19S RP fractions (Fig. 2D). These results demonstrate that
Fubl is associated mainly with the 20S CP and only to a lesser
extent with the 26S proteasome and that the association of
Fubl with the proteasome is mediated through the CP.

Fub1 does not inhibit proteasome activity in vivo. There are
conflicting reports as to the effect of PI31 on proteasome func-
tion. The original paper showed that mammalian PI31 inhibits
20S CP activity in vitro, but other reports indicate that PI31
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cooperates with the proteasome in protein degradation in fruit
flies (20, 24-26).

To test whether Fub1 exhibits an inhibitory effect on the CP in
vitro, purified recombinant Fubl was added to each fraction
of yeast lysates separated by glycerol gradient centrifugation
(Fig. 3A). In the presence of 0.025% SDS, which not only acts as an
artificial activator of CPs but also abolishes the interaction be-
tween the CP and the RP, Fubl completely abrogated the activa-
tion of the CP (Fig. 3A, upper panel). However, in the absence of
SDS, Fub1 had no effect on the peptidase activity of the 26S pro-
teasome (Fig. 3A, lower panel). We also examined the effect of
recombinant Fubl on the activities of purified CPs and 26S pro-
teasomes. Consistently with the results in Fig. 3A, Fub1 inhibited
the CP activity in a dose-dependent manner, but no effect on the
26S proteasome was observed (Fig. 3B). These results suggest that
Fubl1 can inhibit the free CP but does not inhibit the 26S protea-
some in vitro.

Next, to investigate the in vivo function of Fub1, phenotypes of
Afubl and Fubl-overexpressing cells were examined. AfubI cells
were viable and did not show temperature sensitivity at 37°C, just
like Afub1 cells expressing Fub1 from a single-copy plasmid (YCp)
(Fig. 3C, upper panel). Furthermore, growth rates of Afubl and
Fubl-overexpressing cells, either from a single-copy plasmid or a
multicopy plasmid (YEp), were indistinguishable from Afub1 cells
on a plate containing the proline analog L-azetidine-2-carboxylic
acid (AZC), while Aump]I cells showed severe sensitivity to AZC
(Fig. 3C, lower panel).

We then observed whether ubiquitinated proteins accumu-
lated by overexpression or deletion of Fubl. While Aa3 and
Aump]l caused the accumulation of ubiquitinated proteins, nei-
ther overproduction nor deletion of Fub1 did (Fig. 3D). Further-
more, any obvious differences in proteasome peptidase activities
were not observed between Afubl and Fubl-overexpressing cells
(Fig. 3E). These results suggest that Fub1 does not work as a CP
inhibitor in vivo. However, the functional relevance of Fubl to
proteasome-mediated protein degradation is still unclear since
deletion and overexpression of Fub1 did not result in any obvious
defect in cell growth and proteasome activity.

Double deletion of FUBI and PBA4 causes synthetic lethal-
ity. To get insights into the function of Fubl, we searched for
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FIG 1 Identification of uncharacterized proteasome-interacting proteins.
Uncharacterized candidates for proteasome-interacting proteins were N-ter-
minally tagged with a Flag tag. Flag-tagged proteins were overexpressed by the
GALI promoter in the strain bearing an «6-3HA allele, and then these proteins
were immunoprecipitated (IP) using anti-Flag antibodies. Anti-HA antibod-
ies were used to examine whether Flag-tagged proteins were coimmunopre-
cipitated with proteasomes.
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genetic interactions by crossing Afubl cells with various protea-
some-related-gene disruptants, such as Apba4, Aumpl, Arpn4,
Aa3, Arpnl0, Aseml, Aecm29, and Ablm10 mutants. Of these
crosses, Afubl Apba4 double disruptions were lethal, as revealed
by tetrad analysis of Afubl/+ Apba4/+ cell-derived asci (Fig. 4A,
dashed circles). The other double mutants were viable and did not
show a growth defect even at 35°C (Fig. 4B).

The Pba3-Pba4 heterodimer acts as a chaperone for CP assembly.
Deletion of either Pba3 or Pba4 causes inefficient CP assembly and
thus decreases assembled CPs (16-19). The synthetic lethality of
Apba4 Afubl raises the possibility that Fubl is also involved in pro-
teasome assembly. However, this possibility seems unlikely because
Afubl cells produced normal amounts of CPs and 26S proteasomes
(Fig. 3E). The inability of FUBI overexpression to suppress the sen-
sitivity of Apba4 cells to high temperature and AZC also supports the
view that Fub1 and Pba3/Pba4 have different roles (Fig. 5A). It is still
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possible that Fub1 works as an assembly chaperone only when Pba3-
Pba4 is absent. To test this possibility, we constructed a Afubl strain
in which the promoter of PBA3 was replaced with a GALI promoter,
repressing the expression of PBA3 with the addition of glucose. This
strain stopped growing 2 days after incubation in glucose-containing
media. The proteasomal peptidase activity of the cells at this time
point was measured and compared with that of cells in which only
Pba3 was depleted (Fig. 5B). Activities of 20S CPs were barely detect-
able in both strains because of PBA3 shutoff (Fig. 5B) (17). If Fub1
were involved in the CP assembly like Pba3-Pba4, a further de-
crease in the 26S proteasome would be expected with the deletion
of Fubl. However, there were no significant differences between
the peptidase activities and the a5 protein levels in the fractions
corresponding to the 26S proteasome (fractions 22 to 28), irre-
spective of the presence or absence of Fub1 (Fig. 5B). These results
suggest that Fubl is not involved in CP assembly and that Afubl
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in the absence (left) or presence (right) of SDS.

Apba4 lethality is not due to a further decrease in the amount of
proteasomes.

To know whether proteasomes assembled in Apba3 AfublI cells
have defects in the degradation of ubiquitinated proteins, we also
tested in vitro degradation of ubiquitinated T7-Sic1*¥-6XHis us-
ing 26S proteasomes purified from GALIp-PBA3 and GALIp-
PBA3 Afubl cells cultured in the presence of glucose (30). Coo-
massie blue staining of purified 26S proteasomes showed that
there was no apparent difference in the SDS-PAGE migration pat-
terns of the two strains, which supports the idea that Fub1 is not
involved in proteasome assembly (Fig. 5C, left panel). These pro-
teasomes deubiquitinated and degraded ubiquitinated T7-Sic1"-
6XHis proteins similarly (Fig. 5C, right panel). These results sug-
gest that the activity of 26S proteasomes was not impaired by the
deletion of Fubl, at least with respect to degradation of ubiquiti-
nated T7-Sicl”"-6XHis.

In GALIp-PBA3 Afubl cells, an unusual peptidase peak
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emerged in fractions 4 to 6, where no CP existed (Fig. 5B). We
purified the responsible peptidase and identified it as a vacuolar
protease, Prbl, by using mass spectrometry and introducing the
Aprbl mutation into GALIp-PBA3 Afubl cells (Fig. 5D). How-
ever, the emergence or strong induction of Prb1 does not seem to
be the cause of lethality of Afubl Apba4 cells because deletion of
PRBI in GALIp-PBA3 Afub] cells did not suppress the lethal phe-
notype (Fig. 5E).

We then further searched the phenotypic difference between
GALIp-PBA3 Afubl and GALIp-PBA3 cells and found that the
deletion of Fub1 enhanced the accumulation of polyubiquitinated
proteins in the Pba3-depleted background (Fig. 5F). Although we
could not observe any significant defects in degradation of ubiq-
uitinated T7-Sic1”-6XHis using purified proteasomes from
GALIp-Pba3 Afubl cells (Fig. 5C), this result indicates that Fub1l
is required for efficient turnover of polyubiquitinated proteins in
vivo, at least in the absence of Pba3-Pba4.
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hPI31 complements the loss of Fubl. PI31 proteins are con-
served among eukaryotes from yeast to mammals. Human PI31
(hPI31) shares approximately 20% amino acid identity with Fubl
(27). Taking advantage of the lethality of Afubl Apba4, we exam-
ined whether hPI31 complements Afubl.

hPI31 cDNA was introduced into a Afubl/+ Apba4/+ diploid
strain, followed by spore dissection of this strain. This analysis
showed that G418-resistant (Afubl) His" (Apba4) cells are viable,
which indicates that hPI31 complements the lethality of Afubl
Apba4 (Fig. 6A, left and middle [clone a]). hPI31-dependent
growth of Afubl Apba4 cells was further confirmed by the loss of
viability of Afubl Apba4 plus hPI31 cells on 5-fluoroorotic acid
(5-FOA)-containing medium (Fig. 6A, right [clone a]). 5-FOA is
toxic to URA3™ cells and causes the loss of an hPI31 plasmid that
has URA3 as a marker. These results demonstrate that hPI31 can
substitute for Fub1 and suggest that the functions of PI31 proteins
are conserved among eukaryotes.

The C-terminal proline-rich region is essential for Fubl
function. Two well-characterized domains exist in PI31 proteins
(24, 40). The N-terminal FP domain of human and fly PI31 has
been shown to bind to the F-box proteins Fbxo7 and Nutcracker
(fly homolog of Fbxo7), respectively. The C-terminal proline-rich
region (PRR) has been shown to be responsible for the inhibitory
effect on the CP in vitro (21). Fubl also has the PRR, but the FP
domain does not seem to be well conserved in Fubl.

We constructed Fubl deletion mutants, each of which lacks
either the N-terminal region (AN) or the PRR (APRR) (Fig. 6B).
Truncated open reading frames (ORFs) with Flag tags were intro-
duced into Afubl Apba4 cells containing the FUBI-URA3 plas-
mid. A URA3 counterselection assay using 5-FOA revealed that
the PRR was sufficient to complement the loss of FUBI and that
the N-terminal domain was dispensable for viability. The PRR was
further divided into two halves (Fig. 6B, PRR-N, PRR-C), but
neither complemented Afubl Apba4 lethality.

Furthermore, the N-terminal domain is likely important for the
stability of Fubl protein, since Fubl1AN was hardly detectable, al-
though this construct complemented Afub1 Apba4 lethality (Fig. 6C).

Aa3 suppresses Afubl Apba4 lethality. To obtain clues as to
the reason why simultaneous deletion of Afubl and Apba4 was
lethal, we screened suppressor mutations of Afubl Apba4 lethality
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and identified a mutation in the a3 (PRE9) ORF that resulted in
the replacement of Gly155 with Arg (determined to be responsi-
ble). Indeed, the @3-G155R mutation suppressed the lethality of
Afubl Apba4 (Fig. 7A, circled cells).

It is likely that the G155R mutation in a3 disturbs the interac-
tion between a3 and a4 because the Gly155 of a3 is located on the
surface in contact with a4, suggesting that deletion of a3 might be
equivalent to a3-G155R (2). We examined whether Aa3 sup-
pressed Afubl Apba4 lethality. Aa3 Apba4 cells were crossed with
Afubl cells. This revealed that the Afubl Apba4 Aa3 triple mutant
was viable (Fig. 7B, circle). This result confirms that G155R of a3
and deletion of a3 have the same effect on the CP and demon-
strates that deletion of a3 suppresses Afubl Apba4 lethality.

N-terminal deletion of a7, but not that of a3, suppresses
Afubl Apba4 lethality. a3 is the only CP subunit whose deletion
is not lethal in S. cerevisiae. In Aa3 cells, another copy of a4 is
incorporated in place of 3, forming an a4-a4-type CP (41). The
a-ring of the CP is usually closed owing to the N terminus of a3,
which serves as a gatekeeper of the CP (5). Thus, the a4-a4-type
CP is supposed to be in a constitutively active form without asso-
ciation of RPs or activators. We speculated that an open confor-
mation of the CP might suppress the lethality of Afubl Apba4.

To test this possibility, we constructed a strain in which the 9
N-terminal residues of a3 were deleted (a3AN). However, in con-
trast to our speculation, a3AN failed to suppress Afubl Apba4
lethality (Fig. 8A, both of the dashed circles and either of the
dashed triangles). Then, we further made a strain lacking the 11
N-terminal residues of a7 (a7AN), because simultaneous dele-
tion of the N termini of a3 and a7 has been shown to be more
efficient for activation of the CP than the single deletion of the N
terminus of either a3 or a7 (42). To our surprise, this experiment
revealed that a single deletion of the a7 N terminus was enough to
suppress Afubl Apba4 lethality (Fig. 8B, circles). a7AN cells were
able to grow almost normally in the presence of AZC and at high
temperature (Fig. 8C). To exclude the possibility that a7AN
merely suppresses the phenotype of Apba4 cells, we observed the
phenotypes of the «7AN Apba4 strain. a7AN failed to suppress
the AZC sensitivity and temperature sensitivity of Apba4 cells (Fig.
8C). Thus, this observation indicates that «7AN is not just a sup-

mcb.asm.org 147


http://mcb.asm.org

Yashiroda et al.

" G} &)
100,000 —— . o ¥ o Re
+PBA4 (YCp) +FUBT (YEp) 22 400004 GALIp:RBAS I X L QQ? L
2 g % GAL1p-PBA3Afub1 \Q? K 8 K
& > 80,000 SN NN
cz SN & N
i +FUB1 £ 5 70,000 (kDa)O v >
+vector N 8 e —
(GAL1p YEp) 25 60,000 1407 e = 4pgy 0 51020 0 510 20 (min)
S 50,000 y 95— 250 —
S @
Apba4, 37°C < ] — =
P £ 40000 -G 1% ' LB
g€ 30000 ) | s 05— . E]
+PBA4 (YCp) +FUBT (YEp) Z 20000 e | =
> I 42—
o 10,000 o
S 0 34 — g
+vector +FUB1 @ 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 (Fraction)  ,g_ 42—
GAL1p YE| . anti-T7
¢ RER) GAL1p-PBA3 L . Coomassie
Apbad, +AZC 7 anfen
pbas, GAL1p-PBA3 Afub1 dofn
s
$
D E 3 o &
F &
> @ 45,000 4 Q¥ Q
ST =@ GAL1p-PBA3 > &8
'% ; 40,000 - wllls= GAL1p-PBA3 Afub1 é\ § N
© © 35000 | mfm GAL1p-PBA3 Afub Aprb1 B v oo
85 30,000 1 o8 L)
58 140—
S 25,000 1
2 o
< 20000 - o
€ 150001 GAL1p-PBA3 GAL1p-PBA3 Afub1
Z 10,000 - 52—
=
p 5,000 42— pusee|
=3
) 0 T T T T T T T T T T T T T T 37— —
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 (Fraction) )
anti-Ub
anti-Pgk1

GAL1p-PBA3 Afub1 Aprb1

FIG 5 Fubl is unlikely to be involved in proteasome assembly. (A) Apba4 cells were transformed with pYF5 (YEp GALIp), pT17 (YCp PBA4), pT261 (YEp
FUBI), and pT168 (YEp GALIp-FUBI), and transformed cells were cultured on yeast extract-peptone-galactose (YPGal) for 2 days at 37°C and on YPGal plus
5 mM AZC for 3 days at 27°C. (B) Total lysates of the indicated cells were prepared after the cells were cultured in YPD medium for 2 days to shut off the
expression of PBA3 and fractionated by 8 to 32% glycerol gradient centrifugation. Suc-LLVY-MCA hydrolyzing activity was measured in the presence of SDS, and
each fraction was subjected to immunoblotting for «5. (C) In vitro degradation of ubiquitinated T7-Sic1*¥-6XHis. 26S proteasomes were purified from TD132
(GALIp-PBA3 RPN11-3XFlag) and TD133 (GALIp-PBA3 Afubl RPN11-3 X Flag) strains cultured as described for panel B and were subjected to SDS-PAGE and
Coomassie blue staining (left). Ubiquitinated T7-Sic1"¥-6 X His was incubated with the purified 26S proteasomes for the indicated times. Reaction mixtures were
subjected to immunoblot analysis using anti-T7 antibodies (right). (D) The Suc-LLVY-MCA hydrolyzing activity of fractionated lysates of the indicated cells was
measured in the presence of SDS. (E) Effect of Aprbl on cell viability. One thousand cells of each indicated genotype were spread on YPGal plates to count the
viable cells after PBA3 shutoff for 2 days in YPD medium. (F) Detection of polyubiquitinated proteins in wild-type, YT54 (Apba4), YT595 (GALIp-PBA3), and
YT745 (GALIp-PBA3Afubl) cells cultured as described for panel B. Total lysates of the indicated strains were subjected to SDS-PAGE, followed by immunoblot
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pressor mutation of Apba4 but that «7AN is a specific suppressor
of Afubl Apba4.

To understand the property of CPs in a7AN cells, purified
proteasomes from the lysates of wild-type, Afubl, a7AN, and
a3AN cells were resolved by native-PAGE, followed by an in-gel
peptidase assay in the presence or absence of 0.025% SDS (Fig.
9A). Wild-type cells have free CPs, RPCPs (CPs associated with
one RP), and RP2CPs (CPs associated with two RPs). RPCPs and
RP2CPs exhibited peptidase activity in the absence of SDS,
whereas free, latent CPs were activated only when SDS was added.
Afubl cells showed essentially the same profile as wild-type cells,
consistent with the observation that Afubl did not apparently af-
fect overall proteasome activity (Fig. 3E). As expected, free CPs of
a3AN cells were active even in the absence of SDS. a7AN cells
showed essentially the same phenotype as a3AN cells with respect
to the peptidase activity of the CP, although its activity was weaker
than that of «3AN. These results indicate that the CPs lacking the
N terminus of either a3 or a7 allow small peptides to enter the
catalytic chamber.
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It is possible that Fubl binds to the N terminus of a7 and
change its structural arrangement. Thus, we then examined
whether a7AN affects the binding of Fubl to CPs. Wild-type,
a3AN, and a7AN proteasomes bearing Prel-3 X Flag were immu-
noprecipitated with anti-Flag antibodies, and immunoprecipi-
tates were subjected to Western blot analysis using anti-Fub1 an-
tibodies. This experiment revealed that both a7AN and a3AN did
not affect binding of Fubl to CPs (Fig. 9B). Thus, although the
physiological role of Fubl is closely related to that of the a7 N
terminus, binding of Fubl to the CP does not depend on the N
terminus of a7.

We then focused on the unique phenotype of Aa3 cells. Aa3
cells were shown to be resistant to cadmium (16). We examined
whether a7AN cells also show cadmium resistance. Consistently
with the previous finding, Aa3 cells grew better than Afubl cells
bearing YCp-FUBI, which were equivalent to wild-type cells.
However, neither a«7AN nor o3AN cells were resistant to cad-
mium (Fig. 9C). Afubl and Fubl-overexpressed cells also did not
show cadmium resistance. These results suggest that cadmium
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PRR-N

resistance is not involved in the suppression of Afubl Apba4 le-
thality.

Crystal structure of the &7AN CP. Finally, we determined the
crystal structure of the a7AN CP and compared it with the struc-
tures of wild-type and a3AN CPs (Table 3 and Fig. 10). From the
top, whereas the «3AN a-ring had a clear open gate, «7AN did not
seem to cause any significant structural changes in the a-ring
(Fig. 10A). However, we noticed that the N terminus of al pro-
truded from the a-ring of «7ZAN CP when viewed from the
side, while the N terminus of a7 protruded in the wild-type CP
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GI55R-URA3. All circled G418-resistant and His™ cells were Ura™. (B) Dis-
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(Fig. 10B). Protrusion of the N terminus of a1 causes steric hin-
drance with the N terminus of a7, and therefore the N terminus of
al locates at the molecular surface of the a-ring in the wild-type
(Fig. 10C and D). Unfortunately, we cannot see the conformation
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mium resistance in the Aa3, Afubl, FUBI-overexpressed, a3AN, and a7AN
cells. The indicated strains were serially diluted, spotted on YPGal plus 5 mg/
liter CdCl,, and cultured at 27°C for 4 days.
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FIG 10 Crystal structure of the a7AN a-ring. (A) Top views of the structures of the wild-type (PDB accession number 1RYP), a3AN (PDB accession number
1GOU), and a7AN a-rings (PDB accession number 3WXR). A C-a diagram (upper left) and surface plots of the a-ring are shown. N termini of a3 and a7 are
colored magenta and red in a C-a diagram, respectively. The same colors are used for a3 and a7 subunits in surface plots as in the C-a diagram. (B) Side views
of the a-rings of wild-type and a7AN CPs. Note that the 3 N-terminal residues of a6 are not visible in «7AN CP. (C) Closeup view of the N-terminal region of
the a7 (wild-type)-al (a7AN) complex model. The dashed circle shows a collision between Thr® of «7 and Ala'® of 1. (D) Closeup view around the N-terminal
regions of al and a7 in the a-rings of wild-type, «3AN, and a7AN CPs. The sequence numbering follows that of the wild-type structural data (1RYP).

of the N terminus of a1 in the «3AN «-ring because the structure
of this region is not reported in the PDB (Fig. 10D). If protrusion
of the N terminus of a1 is specific for the a-ring of «7AN CP, this
feature might be responsible for recovery from Afubl Apba3 le-
thality by the «7AN mutation.

DISCUSSION

Mammalian PI31 was originally identified as an inhibitor of CP
activity in vitro (20). We showed that Fubl, a yeast S. cerevisiae
PI31 ortholog, also bound to the proteasome and exhibited an
inhibitory effect on the in vitro activity of the CP. However, our
overall results do not indicate that Fub1 acts on the proteasome’s
function negatively, as we did not detect any deficiencies in pro-
teasomal protein degradation by overexpressing Fubl in yeast
cells. Instead, our new finding of the synthetic lethality of Afubl
with Apba4 suggests that Fubl positively regulates proteasome
function in yeast, since Pba3-Pba4 is an assembly chaperone com-
plex for CPs and Apba4 causes a CP assembly defect.

Recently, Steller’s group found that fruit fly PI31, DmPI31,
works in cooperation with 26S proteasomes (24, 25). They showed
that ectopic expression of DmPI31 suppressed an eye phenotype
caused by proteasome dysfunction, whereas reducing DmPI31
function enhanced proteasome defects. They also showed that
ADP ribosylation of DmPI31 by tankyrase was important for pro-
moting assembly of the 26S proteasome. However, there are no
tankyrase homologs in S. cerevisige. It remains an open question
whether alternative modifications exist for the regulation of Fubl
function in yeast.

Although there might be some differences between the regula-
tory systems of Fub1 and other PI31 homologs, their main func-
tion seems to be conserved among eukaryotes. At least, Fubl and
hPI31 have overlapping functions because hPI31 complemented
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Afubl Apba4 lethality. Fubl was detected mainly in fractions
where no assembled CP existed by our glycerol gradient centrifu-
gation analysis. However, we further showed that the only C-ter-
minal proline-rich region (PRR) is essential for suppression of
Afubl Apba4 lethality, and the PRR is responsible for the in vitro
inhibition of the CP’s activity. Thus, our results suggest that Fub1
exerts its main function via the interaction with the CP, although
we cannot exclude the possibility that Fub1 has some other func-
tions irrespective of the CP.

The most striking finding in this paper is that «7AN, but not
a3AN, suppressed Afubl Apba4 synthetic lethality. It has been
reported that «7AN has little effect on the activation of CP pepti-
dase activities (42). However, Bajorek et al. also showed that the
degradation of casein by CPs was drastically enhanced by a7AN
when combined with a3AN, suggesting a role for the N terminus
of a7 in protein degradation by the CP (42). Furthermore, in
contrast to the observation by Bajorek et al., we showed that «7AN
resulted in the production of the activated CP, although its acti-
vation was much weaker than a3AN's. Our a7AN has a 1-amino-
acid-shorter N terminus than Bajorek’s one. This difference might
account for the observation that our a7AN conferred partial ac-
tivation on CPs in our in-gel peptidase assay.

To further understand the property of the «7AN CP, we deter-
mined the crystal structure of the «7AN CP. The «7AN CP looked
almost similar to the wild-type CP, but the N terminus of al
protruded and moved distally from the a-ring. Our findings sug-
gest that the N terminus of a7 might be one of the key factors that
regulate CPs by modifying the conformation of a-rings or block-
ing the degradation of some specific proteins and that Fub1 might
play some roles in protein degradation, which would be inhibited
by the N terminus of a7 in the absence of Fub1. Alternatively, it is
also possible that the protruding N terminus of a1 strengthens the
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subunit’s association with some other proteins, and its association
consequently may promote some kind of protein degradation, for
which Fubl is required.

Recombinant Fubl and in vivo overexpression of Fub1 did not
activate the peptidase activities of latent CPs. These results suggest
that Fubl is not likely to act as a simple opener of the a-ring gate
but rather that Fubl might be required for degradation of some
specific substrates and be functional only when it is associated
with its substrates. It has been shown that the CP can degrade
intrinsically unstructured proteins (IUPs) directly without ubiq-
uitination (43). The PRR might be important for capturing IUPs,
analogously to recognition of unfolded proteins by San1 (44), and
direct them to degradation by the CPs. The observation that the
PRR of Fub1, which was enough to suppress the loss of Fub1, was
extremely unstable may support this idea.

On the other hand, the N-terminal region of Fub1 is important
for the stability of Fubl, because the PRR alone was extremely
unstable. N termini of hPI31 and DmPI31 are known to interact
with an F-box protein, Fbxo7, and its fly homolog Nutcracker,
respectively. Interestingly, binding of DmPI31 with Nutcracker
stabilizes DmPI31. Although the biological significance of the in-
teraction between these PI31 proteins and their partners still re-
mains to be solved, exploring such proteins in yeast would be
helpful to understand the functions of Fubl and PI31 more pre-
cisely.
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