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Abstract Parkinson's discase (PD), one of the most com-
mon human neurodegenerative disorders, is characterized
by the loss of dopaminergic neurons in the substantia nigra
of the midbrain. Our recent case-control association study
of 268 SNPs in 121 candidate genes identified a-synuclein
(SNCA) as a susceptibility gene for sporadic PD
(P=1.7 x 107"!). We also replicated the association of
fibroblast growsh facter 20 (FGF20) with PD (P = 0.0089).
To find other susceptibility genes, we added 34 SNPs to the
previous screen. Of 302 SNPs in a total 137 genes, but
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excluding SNCA, SNPs in NDUFV2, FGF2, CALBI and
B2M showed significant association (P <0.01; 882 cases
and 938 control subjects). We replicated the association
analysis for these SNPs in a second independent sample set
(521 cases and 1,003 control subjects). One SNP,
rs1805874 in calbindin 1 (CALBI), showed significance in
both analyses (P =7.1 x 107 recessive model). When the
analysis was stratified relative 1o the SNCA genotype, the
odds ratio of CALB! tended to increase according to the
number of protective alleles in SNCA. In contrast, FGF20
was significant only in the subgroup of SNCA homozygote
of risk allele. CALBI is a calcium-binding protein that
widely is expressed in neurons. A relative sparing of
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CALBI-positive dopaminergic neurons is observed in PD
brains, compared with CALBIl-negative neurons. Our
genetic analysis suggests that CALB] is associated with PD
independently of SNCA, and that FGF20 is associated with
PD synergistically with SNCA.

Introduction

Parkinson's disease (PD) (OMIM 168600), which affects
one to two percent of people age 65 or older (de Rijk et al.
1997) is one of the most common human neurodegencra-
tive diseases, second in incidence only to Alzheimer’s dis-
ease (OMIM 104300). Clinical features of PD include
resting tremor, bradykinesia, rigidity and postural instabi-
lity. PD is characterized pathologically by the loss of dopa-
minergic neurons in the substantia nigra of the midbrain
and by the presence of intracellular inclusions known as
Lewy bodies (Shults 2006). Various types of medical man-
agement are available for PD, including drugs (i-Dopa,
dopamine agonists, anti-cholinergic drugs and others) and
surgery (e.g., thalamotomy, pallidotomy, deep brain stimu-
lation) (Rascol et al. 2003). These treatments improve PD
symptoms but do little to deter disease progression. Identi-
fying risk factors for PD can thus be helpful in delaying dis-
case onset and slowing its progression.

Genetic approaches for Mendelian-inherited PD have
identified autosomal dominant genes including x-synuclein
(SNCA) and LRRK2, as well as autosomal recessive genes
parkin, PINKI, DJ-1, and ATPI3A2 (Thomas and Beal
2007).

However, Mendelian-inherited PD is rare compared with
the far more common sporadic PD, a complex disorder
caused by multiple genetic and environmental factors
(Warner and Schapira 2003). Using a multiple candidate
gene analysis, we previously identified and confirmed
SNCA (4q21) as a definite susceptibility gene for sporadic
PD (Mizuta et al. 2006). In addition we recently replicated
the significance of FGF20 (8p22-p21.3) (Satake etal.
2007). Here, we have found a novel PD susceptibility gene
calbindin 1 (CALBI, 8q21.3-q22.1) from multiple candi-
date gene analysis.

Methods
Subjects
We recruited two independent sample sets, comprised of
individuals with Japanese ancestry. Sample Set 1, described
in our previous report (Mizuta et al. 2006), included 882

unrelated sporadic PD patients (age = 64.9 & 9.8; male/
female ratio =0.79; onset=57.4 & 10.9 years of age; 51
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patients with a positive family history) and 938 unrelated
controls without neurological disorders (age =45.3 &+ 16.3;
male/female ratio = 1.10). Another independent set (Sample
Sect 2) consisted of 521 PD patients (age = 67.2 £ 9.7; male/
female ratio=0.87; onset=58.8 £ 11.4 years of age; no
family history) and 1,003 control subjects (106 individuals
age =58.9 = 11.4; male/female ratio = 0.86; plus 897 age-
and sex-unknown adult subjects). Diagnosis of sporadic PD
was based on the presence of two or more of the cardinal
features of PD (tremor, rigidity, bradykinesia, and postural
instability), determined according to established criteria
(Bower et al. 1999). Control subjects are healthy volunteers
including spouses of patients. Informed consent was
obtained from each participant, and approval for the study
was obtained from the University Ethical Committees.

SNP genotyping

Genomic DNA was extracted from whole blood using Flex-
Gene (QIAGEN). One hundred and fifteen samples treated
subjected to whole genome amplification (GenomiPhi
DNA Amplification Kit, GE Healthcare, Buckinghamshire,
UK) were included in Sample Set 2. We genotyped the
SNPs using the Invader assay (Third Wave Technologies)
or TagMan (Applied Biosystems).

Gene and SNP selection

We selected candidate genes from published reports
describing genetic, pathological and biochemical findings
in PD, as well as genes that participate in proposed mecha-
nisms for PD. Finally, we included 137 genes relevant to
familial PD, Lewy bodies, dopaminergic neurons, cyto-
kines and trophic factors, mitochondrial functions, oxida-
tive stress, proteasome function, autophagy, endoplasmic
reticulum-associated degradation (ERAD) and toxins. One
to seven SNPs per gene (302 SNPs total) were selected
from the dbSNP and JSNP (Haga et al. 2002) databases for
analysis. Of 302 SNPs in 137 genes, 268 SNPs in 121 genes
had been described elsewhere (Mizuta et al. 2006).

For linkage disequilibrium (LD) analysis, information
about chromosomal structure and recombination hotspots
was obtained from the HapMap database (http/
www.hapmap.org/) (The International HapMap Consor-
tium 2005). Japanese tag SNPs (MAF > 0.1, 7~ > 0.8) were
selected from the HapMap SNP pool using the ABI SNP-
browser (http://www.allsnps.com/snpbrowser), Typing data
for 785 control subjects were used in LD analysis,

Statistical analysis

SNPAlyze software (DYNACOM, Japan) was used for
case-control study * test, haplotype analysis (Expectation-
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Maximization algorithm) and pairwise LD analysis
(Lewontin’s coefficient D', and standardized coefficient r).

Results

This current study follows our closely related study where
268 SNPs were screened in 121 candidate genes using a
case-control analysis. For the current analysis, we
examined 34 additional SNPs in 17 candidate genes using a
subset of Sample Set 1 (190 cases and 190 control subjects).
Five SNPs of them were significant (Supplementary
Table 1). Twenty-two significant SNPs from the first study
and these five SNPs were then evaluated in all subjects in
Sample Set 1 (882 cases and 935 control subjects). In total,
this enhanced screen revealed 27 significant SNPs through
genotype analysis of 302 SNPs in 137 candidate genes.
(One gene, IL1B, was included in both the original and the
enhanced screen.) Of these 27, the most significant SNP,
157684318 in SNCA, had been reported previously, further
confirming SNCA as a susceptibility gene for PD (Mizuta
etal. 2006). Of the remaining 26 SNPs (Supplementary
Table 2), four SNPs in NDUFV2 (OMIM 600532), FGF2
(OMIM 134920), CALBI (OMIM 114050) and B2M
(OMIM 109700) showed P-values less than 0.01. They
were prompted 1o genotyping in a second sample set (Sam-
ple Set 2) composed of 521 cases and 1,003 control sub-
jects (Supplementary Table 2). SNCA rs7684318 was
included in this replication study as a quality control to
assure that the genotyping was consistent. After application
of a Bonferroni correction for 302 SNPs (x=1.6 x 107,
the association of rs1805874 in CALBI (8q21.3-q22.1)
remained significant (P=7.1 x 107%; recessive model).
The prominent association of SNCA rs7684318
(P =5.1 x 107" for allele frequency) was again confirmed
(Table 1).

For LD mapping, we genotyped Sample Set 1 using 10
tag SNPs selected from a 230-kb region that surrounds
CALBI and falls between recombination hotspots (Fig. 1;
Table 2). Since most of the pairwise D’ values were
greater than 0.9, this region is thought to be a single LD
block (Fig.1). Of the ten tag SNPs, rs1805874 and
rs1805868 showed significant association with sporadic
PD (Table 2). A replication study of the two SNPs using
Sample Set 2 confirmed the significance of rs18058754
(Table 2). The haplotype did not show stronger associa-
tion than the single SNP (Supplementary Table 3). The
rs1805874-tagged SNPs are concentrated in and
upstream of CALBI. The SNPs tagged by closely neigh-
boring onmes showing no association span outside of
rs1805874-tagged SNPs. This suggests that PD-associ-
ated region is restricted in CALBI region (Supplementary
Fig., Table 4).

Table 1 Association analysis of CALB/ and SNCA

HWE

M

(MM/Mm/

tl s

Gi

SNP (gene) Allele (Mm)*

MM + Mm versus mm MM versus Mm + mm  Casefcontrol

Case/control Genotype Allele

Control

0.67/0.25

0.18/0.28
0.25/0.95

0.00
0.0089

0.018
0.94

6.1 % 1074

0.03

0.0032

0.023

0.810/0.762
0.811/0.776

LI121/670/101 0.810/0.770

549/253/32  53B/319/58
Sample Set2  341/148/23  584/351/43

Combined

Sample Set 1

51805874 AC
(CALBI)

7.1 % 1073

MM + Mm versus mm MM versus Mm + mm

0.1

85x 107

33x10™

MM versus mm  Mm versus mm M versus m

890/401/55

1.34 (1.16-1.55)

28 % 107"

128 (1.13-144) 132 (0.95-1.85)

1.46 (1.04-2.05) 1.1(0.77-1.56)

OR® (95% CI)
Sample Set 1

0.42/0.31
0.80/0.29

7.6 x 104

57 x10°°
0.0013

5.0 x 10710
4.5x% 1073

31 x 10!

27 %1077
55x 1079

3B5/394/89 29547165  0.671/0.570

Sample Sel2  213/226/63 323M456/185  0.649/0.572
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(SNCA)

0.65/0.96

85x 107 1.1 x 1071
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5.1 x10°M

MM versus mm  Mm versus mm M versus m

598/620/152 6189287350 0.663/0.571
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2.23(1.79-2.78) 154(1.24-1.91) 1.48(1.34-1.64) 1.81(1.48-2.23)
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* Disease allele (M) and protective allele (m)

* Odds ratio (OR) was
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Table 2 Association analysis of SNPs in CALBI and the surrounding region

SNP Location Allele® Genotype (11/12/22) MAF P HWE

12 Case Control Case/Control Genotype Allele 11412 22+12  Case/control

versus 22 versus 11

Sample Set 1
rs1805824 NBN (intron) GA 533/274/53 577269/51 02210207 0.59 0.31 0.67 0.31 0.029/0.010
rs2097825 Intergenic GC 236/3B6/221 208/416/242 0.509/0480 0.17 0.10 0.42 0.061 0.015/0.027
rs1805860 DECRI (intron) GA 431/337/89  460/338/77 0.300/0.281 044 0.21 0.26 0.34 0.055/0.19
rs1805868 DECR! (intron) GA 448/341/63  423/378/103 0.274/0.323  0.0047 0.0015 00042 0.015 0.86/0.19
152074596 DECR! (intron) GA 300/369/180 327/416/145 0.429/0398 0.032 0.057 0.009 0.52 0.0010/0.51
rs12549239 CALBI (3' flanking) TC 76/320/461 59/348/502 0.278/0.256 0.18 0.15 0.40 0.069 0.12/0.90
rs1805874 (CALB! (intron) CA 32/253/549 58/319/538 0.190/0.238 0.0032 0.00061 00025 0018 0.67/0.25
812171665 CALR! (5' flanking) GA 169/404/280 189/448/271 0.435/0455 0.40 023 0.18 0.60 0.29/0.88
rs12541465 TG 6177210/15 690/185/18  0.143/0.124 0.109 0103 o072 0.054 0.55/0.18
rs2049815 TG 378/374/94 382381/124 03320355 0.20 0.16 0.072 0.50 0.92/0.067
Sample Set 2
rs1805868 DECRI (intron) GA 279/189/44 468/412/83 0271/0300 0.077 0.092 0.99 0.031 0.14/0.57
rs1805874 CALBI (intron) CA 23/148/241 43/351/583  0.189/0.224 0.023 0.030 0.0089 0.94 0.18/0.28
* Relative to the chromosomal orientation
® Minor allele frequency
Fig-1 LD structure and signifi- ~ Chr8 91.0M 91.1M 91.2M

cance of association in the sus-
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Detailed association analysis in the combined sample sets  The effect of SNCA rs7684318 (allele OR = 1.48; genotype

(Table 1) showed the strongest association for CALBI
51805874 in a recessive model (P=7.1 x 10~%, OR = 1.34).

;ﬂ_ Springer

OR =223 for the CC genotype and 1.54 for CT genotype)
was well described using a multiplicative model (Table 1).
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Table 3 Association analysis of CALB! and FGF20, stratified by
SNCA genotype

Control

CALBI (rs1805874)

Case OR (95% CI) 7 o

AA AC+CC AA AC+CC
SNCA (rs7684318)
CC 381 205 381 27 L11(0.87-1.40) 04
CT 393 203 531 386 1.41 (1.14-1.74) 0.0017
TT 102 44 201 147 L70(1.12-2.56) 0.012

FGF20 (rs1721100)
GG GC+CC GG GC+CC

SNCA (rs7684318)

CC 225 360 159 448 1.76 (1.38-2.25) 5.9 x 107°
CT 178 429 281 629 0.93 (0.74-1.16) 0.52

TT 51 98 96 247 1.34 (0.89-2.02) 0.16

OR and P-values for 2 x 2 contingency table of CALBI and FGF20
were calculated in SNCA CC, CT, and TT genotype subgroups

FGF20 rs1721100, as we reported previously, was most
significant in a recessive model (P =0.0053, OR = 1.24)
(Satake etal. 2007). SNCA rs7684318 revealed the stron-
gest effect of the three SNPs. To analyze the potential com-
binational effect of the three SNPs, we performed 2 tests
stratified by SNCA genotypes. The OR for CALB! tended to
increase with SNCA CC, CT, and TT subgroups, in this
order (Table 3). In contrast, FGF20 rs1721100 was signifi-
cant in the subgroup of SNCA homozygote of risk allele,
but not in others (Table 3).

Discussion

Numerous case-control association studies have been
reported for sporadic PD candidate genes (Warner and
Schapira 2003). The main development of this field
includes establishment of SNCA and MAPT/rau (Zabetian
etal. 2007) as susceptibility genes for PD. SNCA is the first
identified causal gene for Mendelian-inherited PD and
encodes protein of a major component of Lewy body (Poly-
meropoulos etal. 1997; Spillantini etal. 1997). Most of
early association studies for SNCA focused polymorphism
of Repl, a mixed dinucleotide repeat in the promoter region
(Maraganore et al. 2006). However, we previously identi-
fied prominent association in multiple SNPs tagged by
57684318 in 3’ region of SNCA and reported SNCA as a
definite susceptibility gene for sporadic PD (Mizuta et al.
2006). Although rs7684318 is rare in Caucasians,
rs356165, tagged by rs7684318 in Japanese (Mizuta et al.
2006), was included in associated SNPs in German study

(Mueller etal. 2005) and very recent Norwegian study
(Myhre et al. 2008).

This current report extends our analysis, identifying and
confirming CALBJ as a novel susceptibility gene for this
disorder. We found that CALB] rs1805874 was signifi-
cantly associated with PD in Japanese population. The final
P-value for the association of rs1805874 can be calculated
as 2.2 x 10~ by multiplying the P-values of the two inde-
pendent tests (P = 0.0025 for sample set 1 and P =0.0089
for Sample Set 2). This remains significant when Bonfer-
roni correction was applied by muldplying the number of
SNPs screened (302 SNPs) and the number of contingency
tables per SNP (allele, genotype, recessive model, and
dominant model) (the corrected P = 0.027). However, this
SNP was not significant in previous genome-wide associa-
tion study in Caucasians (Maraganore et al. 2005). Possible
explanations of this discrepancy may include ethnicity and
gene-environmental effect.

CALBI is a 28 kDa protein containing 261 amino acids,
originally described as a vitamin D-dependent Ca?*-binding
protein in the chick duodenum (Wasserman et al. 1968).
Along with calmodulin and troponin C, CALB1 belongs to
the superfamily of Ca>*-binding proteins, which are charac-
terized by the presence of an EF-hand Ca**-binding loop
(Persechini et al. 1989). Though CALBI1 is widely distri-
buted in mammalian brains, it localizes within certain spe-
cific neuronal types (Jande etal. 1981). In PD, CALBI-
negative dopaminergic neurons in the substantia nigra of
the midbrain are lost preferentially over CALB 1-positive
neurons, suggesting a neuroprotective role for CALB1
(Yamada et al. 1990; Damier et al. 1999). One mechanism
by which CALBI1 could affect neuronal viability is through
buffering excess intracellular Ca®* (Chard et al, 1993). This
hypothesis is supported by both in vitro (Mattson et al.
1991; McMahon etal. 1998) and in vivo (Yenari etal.
2001) experimental evidence.

It is thought that many pathways, including mitochon-
drial dysfunction, oxidative stress, and impairment of
ubiquitin-proteasome system, underlie PD pathogenesis
(Moore et al. 2005). A number of molecules are thought to
participate in the pathogenic process, some of which can
interact synergistically. Aggregation of SNCA protein is
thought to play a crucial role in the loss of dopaminergic
neurons (Goedert 2001).

Along with confirming SNCA and CALB/ as susceptibi-
lity genes for PD, we recently reported replication of signi-
ficant association of FGF20 with PD (Satake et al. 2007).
In our association analysis stratified by SNCA genotype, the
OR for CALB! tended to increase according to the number
of SNCA protective alleles, suggesting the possibility of a
negative statistical interaction between CALB/ and SNCA.
In contrast, FGF20 revealed significance only in SNCA CC,
homozygote of discase allele, suggesting the possibility of
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a synergistic statistical interaction between FGF20 and
SNCA. It is of interest because FGF20 risk allele is recently
reported to be correlated with high expression of SNCA
(Wang et al. 2008).

Sporadic PD is a complex multigenic disorder. Combi-
national analysis of PD susceptibility genes is helpful to
evaluate effect of each gene and to uncover pathophysio-
logical mechanism of the disease.
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Caspase-like activity
Enzymatic activity that is
similar to that of caspases —
Cys proteases that have
essental roles in apaptosis

B 1 was first reported to cleave
after Clu residues. and was
thus termed peptidylglutamyl
peptice hydrolase Later, it was
found that B 1 also cleaves after
Asp acid residues in substrates
of caspases
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assembly

‘Molecular mechanisms of proteasome

particles, but several hints have emerged.

The 268 proteasome is a eukaryotic ATP-dependent
protease that is known to collaborate with the ubiquitin
system — the system that tags proteins with polyubiqui-
tin chains as a marker for protein degradation in eukary-
otic cells'* (BOX 1). The 265 proteasome is involved ina
diverse array of biological processes, including cell-cycle
progression, DNA repair, apoptosis, immune response,
signal transduction, transcription, metabolism, pro-
tein quality control and developmental programmes,
It catalyses the precise, rapid and timely degradation
and, thus, the irreversible inactivation of targeted
proteins. This ensures unidirectional progression
of such biological processes.

The 265 proteasome is an unusually large protein
complex that consists of two portions: the catalytic 208
proteasome of approximately 700 kDa (also called the
205 core particle (CP)) and the 19 regulatory particle
(RP; also called PA700) of approximately 900 kDa,
both of which are composed of a set of multiple distinct
subunits' (FIG. 1].

The eukaryotic 208 proteasome is a cylindrical
particle that is formed by axial stacking of four hetero-
heptameric rings — two outer a-rings and two inner
B-rings, each comprising seven structurally similar
a- and B-subunits, respectively. p-rings form a proteo-
lytic chamber and a-rings serve as a gate for entry into
the chamber (FICS 1,2). Of these 14 subunits, 1, p2 and
PB5 subunits have hydrolytic activity as Thr proteases for
the cleavage of peptide bonds at the carboxyl-terminal
side after acidic, basic and hydrophobic residues,
respectively. These activities are referred to as caspase-
like activity (or peptidylglutamyl-peptide hydrolysing

Shigeo Murata*, Hideki Yashiroda* and Keiji Tanaka'

Abstract | The 265 proteasome is a highly conserved protein degradation machine that
consists of the 205 proteasome and 195 regulatory particles, which include 14 and 19
different polypeptides, respectively. How the proteasome components are assembled isa
fundamental question towards understanding the process of protein degradation and its
functions in diverse biological processes. Several proteasome-dedicated chaperones are
involved in the efficient and correct assembly of the 20S proteasome. These chaperones help
the initiation and progression of the assembly process by transiently associating with
proteasome precursors. By contrast, little is known about the assembly of the 195 regulatory

activity), trypsin-like activity and chymotrypsin-like activity,
respectively**. The active sites of the catalytic f-subunits
are located on the inner surface of the proteolytic
chamber®”.

The 195 RP consists of at least 19 different subunits
and can be divided into two subcomplexes: the base and
the lid** (FIG. 1), The base is composed of six different
homologous AAA* ATPase subunits, regulatory particle
triple-A protein | (RPT1)-RPTS, and three non-ATPase
subunits, regulatory particle non-ATPase 1 (RPN1),
RPN2 and RPN13 [REFS 8,10~ 14). The ATPase subunits
are required for substrate unfolding and a-ring chan-
nel opening, which are prerequisites for threading sub-
strates into the 208 proteasome. RPN1, RPN13, RPTS
and RPN 10 capture ubiquitylated proteins either directly
or through proteins that contain both UBL (ubiquitin-
like) domains and U8A (ubiquitin-associated) domains,
such as radiation sensitive 23 (RAD23), dominant sup-
pressor of Karl 2 (DSK2) and DNA-damage-inducible 1
(DDIIP*52 RPN10 is assumed to sit at the interface
of the lid and base. The lid is composed of nine non-
ATPase subunits: RPN3, RPN5-RPN9, RPN11-RPN12
and RPN 15 (also called SEM1; DSS1 in mammals)*¥'+,
The one defined biochemical activity of the lid is the
de-ubiquitylation of captured substrates to facilitate their
degradation, a process in which the metalloisopeptidase
RPN11 has an essential role™*, However, the functions
of the other subunits remain unknown. The 195 RP is
attached at one or both ends of the 205 proteasome,
forming the 268 proteasome. The 26S proteasome acts as
an efficient and exhaustive shredder of proteins in living
cells. The 198 RP selects proteasomal substrates through
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Box 1| The ubiquitin—proteasome system

DUBs
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Ubiquitin (Ub) is tr 1 as a tandemly fused polyubiquitin or as a fusion protein
with the ribosomal protein (RP; see the figure), De-ubiquitylating enzymes (DUBs)
hydrolyse the isopeptide bond b Ub molecules or Ub and the RP to produce free
Ub. The Ub-conjugation pathway consists of three kinds of enzymes: E1 (Ub-activation
enzyme), E2 (Ub-conjugation enzyme) and E3 (Ub ligase). Ub is activated by E1, forming
a high-energy thiol ester bond between the carboxy-terminal Gly residue of Ub and
the active site Cys of E1 in an ATP-dependent reaction. The activated Ub is transferred
to E2, and E3 then attaches Ub to a specific substrate protein. The E3 enzymes are
classified into two major classes. RING-type E3s bind to both E2 and a substrate and
help E2 to transfer Ub to a substrate, whereas HECT-type E3s form a thiol ester with the
activated Ub from E2 before transfer of Ub to a substrate. Ub is covalently attached to
Lys residues of a substrate. Polyubiquitylated substrates are recognized and degraded
by the 265 prc in an ATP-depend DUBs remove polyubiquitin from
proteasome substrates before substrates are translocated into the 205 proteasome and
regenerate free Ub from unanchored polyubiquitin chains.

ADP+Pi  ATP

the recognition of polyubiquitin chains, which are then
excised coincident with unfolding and translocation into
the proteolytic 208 proteasome using energy liberated
from ATP hydrolysis'*,

Defining the molecular mechanism that is involved in
the assembly of this huge and highly sophisticated pro-
tease machinery is important for our understanding of
the process of protein degradation, as well as regulation
of proteasome activity, and has been a major research
challenge, Here, we describe the assembly mechanism
of the 208 proteasome, our understanding of which has
greatly advanced in the past decade®*. We also dis-
cuss the formation of the 195 RP, although the available

Trypsin-like activity

B2 cleaves after the basic
aming acids Lys and Arg. As
this activity resembles that of
trypsin, a Ser protease that is
secreted in pancreatic juice, it
is referred 0 as ‘trypsin-fike”

AN information on this process is fragmentary and much
Chymotrypsinike activity ~ femains a mystery.

BS cleaves after hydrophobic

amino acids. This activity Assembly of prokaryotic 20S proteasome
resembles that of

The 208 proteasome was originally isolated from
eukaryotes, but subsequent studies documented that
this large protease complex is conserved in all three
domains of life*". The basic understanding of the

chymotrypsin, a Ser protease
that is secreted in pancreatic
Juice, and is thus refermed (o as
chymotrypsin-like activity
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assembly of 208 proteasomes came from observa-
tions in archaeal 208 proteasomes. Each of the a- and
[-subunits of the 208 proteasome of the archaebacteria
Thermopl acidophilum is encoded by a single-copy
gene and forms a homoheptameric ring™* (BOX 2],
Coexpression of T. acidophilum a- and p-subunits
in Escherichia coli resulted in mature and functional
205 proteasomes. Expression of the a-subunit alone
produced heptameric a-rings, whereas that of the
p-subunit could not assemble and folded incompletely
in the absence of a-subunits™, Thus, the assembly of
the T. acidophilum 208 proteasome is probably initi-
ated by the formation of an a-ring, to which f-subunits
are attached subsequently. The ability to form the
a-ring depends on the amino-terminal HO helix in
the a-subunit, which contacts the loop preceding the
HO helix of the next a-subunit®™*. This helix does not
exist in the p-subunit, the tertiary structure of which
otherwise resembles the a-subunit. The eight residue
propeptide of the B-subunit is cleaved off during the
assembly of the 208 proteasome, although it is dispen-
sable for the assembly because its deletion did not affect
the incorporation of the f-subunit.

In bacteria, the 208 proteasome is found only in
actinomycetales. Other bacteria, such as E. coli, have
a structurally related Thr protease called heat-shock
locus gene V (HslV)**. The 20§ proteasome of the
actinobacterium Rhodococcus erythropolis is com-
posed of two different a-subunits and two different
B-subunits, These are encoded by two operons, each
containing a pair of a- and p-subunits® (BOX 2. The two
a-subunits and the two B-subunits are over 80% iden-
tical, which suggests a fairly recent duplication of the
operon. Therefore, it is not surprising that the expres-
sion of any combination of one a-subunit and one
B-subunit (for example, alpl, alp2, a2p1 and a2p2)
in E. coli and in vitro yielded active and mature 208
proteasomes®. However, the R. erythropolis a-subunits
could not form a ring-like structure by itself, in con-
trast to T. acidophilum a-subunits, presumably because
of a smaller contact region between a-subunits'™*,
Heterodimer formation of one a-subunit and one
f-subunit precedes the assembly of R. erythropaolis half-
proteasomes, which are composed of one a-ring and
one pB-ring. The crystal structures of the R. erythropolis
proteasome revealed that the p-propeptide acts as
an assembly promoting factor by fitting in the inter-
face of two adjacent a-subunits to help hold them
together",

Collectively, archaebacterial and eubacterial pro-
teasome subunits can assemble autonomously into
functional mature proteasomes without the help of any
other chaperone proteins.

Assembly of eukaryotic 205 proteasome

The eukaryotic 208 proteasome has a more complex
subunit composition compared with prokaryotic
counterparts. It is composed of seven different
a-subunits and seven different p-subunits, each of which
occupies a defined position within the 208 proteasome
(FIG. 2; BOX 2).
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Figure 1| Schematic diagram of the 265 proteasome. a| The 265 proteasome
consists of the catalytic 205 proteasome (a barrel of four stacked rings: two outer a-rings
and two inner i-rings) and the 195 requlatory particle (RP, also known as PA700).

b | Subunit composition of the 265 proteasome. The requlatory particle is further divided
into the base and the lid subcomplexes, which are composed of regulatory particle
triple-A (RPT) and requlatory particle non-ATPase (RPN) subunits. RPN10 is coloured
yellow because it is suppased to be located at the base-lid interface.

AAA- ATPase

[ATPase associated with
diverse cellular activities)
ATP-hydrolysing enzymse that
contains one or two conserved
ATP-tinding domains, which
are in turn comprsed of
conserved A and B motifs
AAA* ATPases assemble into
oligomenc assemblies (often
hexamers] that form a
nng-shaped structure with a
central pore

UBL

[Ubigquitin-like). A protein
domain with motifs that have
significant sequence and
structural similarity to
utnguitin, Type | UBLs are
compnsed solely of this moul
and generally work as
modifiers that are covalently
attached (o target proteins, in
a fashion similar © the
ubiquitin, Type 2 UBLs are
larger proteins that contain this
motif 35 a part of the protein

uBA

{Ubiquitin-association). A
domain of ~45 amino acids
that adopts a structure that
COMpPrses a three a-helix
bundie. The UBA domain
binds to ubiquitin through a
conserved hydrophobic surface
patch

Assembly of the a-ring. The assembly of the eukaryotic
208 proteasome is assumed to start with a-ring forma-
tion. This assumption is based on observations that the
expression of Trypanosoma brucei a5 subunit or human
a7 in E. coli results in the formation of four stacked or
double homoheptameric rings, respectively**'. However,
neither homoheptameric rings nor stacked a-rings occur
in vivo. Moreover, the a-ring is usually composed of
seven different a-subunits that occupy defined positions
in the a-ring, which suggests the existence of mecha-
nisms that correctly arrange the seven a-subunits into a
heteroheptamer and prevent oligomerization of a-rings.
Recent studies identified two dimeric complexes that are
dedicated to proteasome assembly both in human cells
(proteasome assembling chaperone 1 (PAC1)-PAC2
and PAC3-PAC4)** and in yeast (proteasome bio-
genesis-associated 1 (Pbal; also known as Pocl), Pba2
(also known as Addé6 and Poc2), Pba3 (also known as
Poc3, Dmp2 and Irc25) and Pba4 (also known as Pocd
and Dmpl), which are orthologues of human PACI,
PAC2, PAC3 and PACA, respectively)** (TASLE 1], This
demonstrates a chaperone-assisted mechanism for the
efficient assembly of eukaryotic 208 proteasomes.

The PAC1-PAC2 heterodimer was originally iden-
tified in a search for proteasome-associated proteins
in human cells. PAC1-PAC2 was found to be mainly
associated with a proteasome assembly intermediate
with a major peak of a-subunits in glycerol gradient
centrifugation analysis. Purification of this intermediate
revealed that this complex includes all seven a-subunits
and PAC1-PAC2 but no B-subunits, and has a size of
approximately 230 kDa. This is most likely to be the size
of the a-ring®, The PAC1-PAC2 complex could bind
directly to a5 and a7 in vitro, and indeed it is associated
in vivo with a subset of a-subunits, including a5 and a7,
that is presumably an intermediate on the way to the

a-ring.

Knockdown of PAC1 or PAC2 by short interfering
RNA (siRNA) decreases normal a-ring assembly and
results in the accumulation of off-pathway products —
presumably a-ring dimers®. Interestingly, knockdown
of PACI results in loss of PAC2, and vice versa, indicat-
ing that PAC1 and PAC2 are stable only when they form
a heterodimer. These findings show that PAC1-PAC2
does not only assist a-ring formation but also prevents
aberrant dimerization of a-rings”. PAC1-PAC2 sticks to
proteasome precursors until the 205 proteasome is com-
pletely formed. It is then degraded by the newly formed
208 proteasome and is therefore short-lived, with a half-
life of approximately 30-40 minutes, which is consistent
with the estimated maturation period of the mammalian
208 proteasome from 30 minutes to 2 hours™ (FIG. 3a).

In the budding yeast, Pbal-Pba2 is probably the
counterpart of PAC1-PAC2 because Pbal and Pba2 have
weak sequence similarities to PACI and PAC2, respec-
tively, and form a heterodimer that binds to proteasome
precursors. Similar to PAC1-PAC2, this heterodimer
is degraded by newly formed 208 proteasomes**"**,
However, yeast strains that lack Pbal-Pba2 grow nor-
mally and show only modest defects in proteasome
assembly with slightly increased assembly intermediates,
in contrast to the phenotypes that are observed in human
cells with deleted PAC1-PAC2 [REFS 42 48).

However, several lines of evidence suggest that com-
promised proteasome function occurs in cells that lack
Pbal and Pba2. The loss of Pha2 causes accumulation
of polyubiquitylated proteins in cells, stabilizes certain
endoplasmic reticulum-associated degradation (ERAD)
substrates and exhibits synthetic phenotypes when com-
bined with the loss of inositol-requiring enzyme I (Irel),
a transducer of the unfolded protein response (UPR) 474851,
Furthermore, deletion of Pbal or Pba2 changes the
phenotypes of mutants for proteasome-related genes;
Apbal or Apba2 mutants partially suppress the growth
defect of ubiquitin-mediated proteolysis 1 (Aumpl)
mutants, another proteasome-dedicated chaperone (see
below), whereas they worsen the phenotypes of cells
that lack a3 (the only non-essential subunit of the yeast
208 proteasome) and Rpn4 (a transcription factor that
positively regulates proteasome-related genes)™. The
first observation suggests that slower proteasome form-
ation owing to a lack of Phal-Pba2 reduces the influ-
ence of Aumpl, which causes premature dimerization of
incomplete half-proteasomes*** (see below). The genetic
interaction with Arpnd is often observed in mutants that
have potentially damaged proteasome activities.

PAC3 was identified as a 14 kDa protein co-purified
with a-rings and PACI1-PAC2 in human cells". As with
PAC1-PAC2, most PAC3 is associated with a-rings in
cells. However, in contrast to PAC1-PAC2, PAC3 isa
long-lived protein and is released before the completion
of 20S proteasome formation, Knockdown of PAC3
causes a reduction in a-rings and 208 proteasomes,
an effect that is similar to PAC1-PAC2 knockdown™.
However, ectopic expression of PAC3 does not compen-
sate for the loss of PAC1-PAC2, suggesting that PAC1-
PAC2 and PAC3 have roles in proteasome assembly at
different steps®. In support of this conclusion, PAC3 and
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Figure 2 | Molecular structures of eukaryotic 205 proteasomes. a | Side views of the
bovine 205 proteasome. The overall shape of the bavine 205 proteasome is an elongated
cylinder with large central cavities and narrow constrictions. The approximate length
and diameter are 150 A and 115 A, respectively. The a-subunits are located at the ends,
whereas the B-subunits form the two inner rings. The carboxy-terminal extension of 2
embraces adjacent p3, and the C-terminal extension of f7 intercalates between p1 and
P2 in the opposing B-ring. b | Top views of the a-ring (upper panel) and the p-ring (lower
panel). The C-terminal helices of the a3 and a4 subunits protrude from the core with high
flexibility, Whereas the B-ring has an open space in its centre, the a-ring is closed by the
amino-terminal extensions of the a-subunits.

Operon

A unit of genes in prokaryc
that s & Ssed as a single
messenger RNA

ERAD

(Endoplasmic reticulum
associated degradation|

A system that ubiquitylates
misfolded proteins in the
endoplasmic reticulum for
degradation by the 265
proteasome

Unfolded protein response
A cellular stress response that
15 induced by the accumulation
of unfolded proteins in the
endoplasmic reticulum

PACI knockdown have additive effects on proteasome
assembly; simultaneous depletion of PAC1 and PAC3
causes a severe reduction In a-rings and the 208 protea-
some compared with depletion of PACI or PAC3 alone.
Interestingly, whereas the knockdown of only PAC3 is
not associated with the accumulation of off-pathway
products, such as a-ring dimers that are observed in
PACI-depleted cells, simultaneous knockdown of PACI
and PAC3 causes the accumulation of half-proteasomes
that lack B5 (REF 43). These findings suggest that PAC1-
PAC2 and PAC3 work differently but cooperate in
the assembly of a-rings and the correct formation of
half-proteasomes.

Pba3 and Pba4, the budding yeast orthologues of
human PAC3 and PAC4, were identified independ-
ently through bioinformatics searches* and genetic
screens of mutations that suppress lethal DNA damage*,
confer sensitivity to amino acid analogues* or stabi-
lize ornithine decarboxylase protein®, Pba3 and Pba4
form a heterodimer complex, and this complex can
be co-purified with proteasome precursors that con-
sist of all seven a-subunits and an unprocessed p2
subunit in vivo". Pba3-Pbad directly interacts with a5
in vitro, and the affinity-purified complex with tagged
Pba3-Pba4 includes a large amount of a4, a5, a6 and
a7 compared with other a-subunits**, These observa-
tions suggest that Pba3-Pba4 has a role at an early stage
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of a-ring assembly, starting with the formation of a
Pba3-Pbad4-as tertiary complex, which in turn recruits
neighbouring a-subunits, with Pba3-Pba4 remaining
bound until the incorporation of p2.

Deletion of Pba3 or Pba4 in cells markedly decreases
205 proteasomes and causes the accumulation of
assembly intermediates. These cells show accumula-
tion of dead-end complexes that comprise $2 and all
a-subunits except a4 [REF 46). However, Apba4 cells
produce an alternative proteasome that is found in Aa3
cells; 20-50% of the assembled 20S proteasomes in
Apba4 cells contained a second copy of a4 in place of
a3 [REF 45). Such alternative proteasomes confer resist-
ance to heavy metal stress on Apba3-pba4 cells as well
as Aa3 cells, suggesting that proteasome-dedicated
chaperones provide structural flexibility of the protea-
some depending on the cellular environment®. Whether
such alternative proteasomes would be observed in the
absence of PAC3-PAC4 in mammalian cells remains to
be elucidated. Taken together, these studies show that
Pba3-Pba4 catalyses correct subunit orientation of the
a-ring, presumably by facilitating the recruitment of a4
to a5, which might prevent incorporation of a second
copy of a4 in the position that is normally occupied by
a3 in the a-ring.

B-ring formation on the a-ring. The a-ring serves as
a scaffold for the assembly of p-subunits. Catalytic
B-subunits and non-catalytic p6 and B7 are synthesized
with N-terminal propeptides, which are removed at
the final step of assembly to expose the catalytic Thr
residues of p1, P2 and p5. The N-terminal active sites
of f subunits are on the inner surface of the p-rings,
whereas the C termini of p subunits are on the outer
surface of the 208 proteasome. During the assembly
pathway from the a-ring through the half-proteasome,
each B subunit assembles on the a-ring. An intermedi-
ate called the 135 complex, which is composed of one
a-ring and unprocessed 2, p3 and f4, has been identi-
fied both in yeast and mammals, indicating the rank
order of B-subunit positioning onto the a-ring*****

Recent studies in yeast showed that the addition of
other f subunits, except p7, form another intermediate
that is referred to as the half-mer (-$7) precursor com-
plex*™*, siRNA-mediated silencing of each B-subunit in
mammalian cells caused an accumulation of a specific
‘assembly-arrested’ intermediate just before incorpora-
tion of the knocked-down B-subunit®. This approach
suggests the defined order of f-subunit assembly on
the a-ring: assembly begins with p2, followed by p3, p4,
B5, p6, P1 and finally B7 (REF. 56) (FIC. 3a), During B-ring
assembly, release of PAC3 is coupled to (i3 incorpora-
tion in human cells*** (FIG. 3a). This is consistent with
the observation that Pba3-Pba4 is selectively co-purified
with B2 but not with other B-subunits in yeast'*, which
indicates a conserved mechanism in the proteasome
assembly between PAC3-PAC4 and Pba3-Pbad. As
PAC3 directly binds to B3 in vitro, B3 might be recruited
to the assembly intermediate by transient interaction
with PAC3, whose release is an obligatory step in the
incorporation of B3 (REFS 43 ,56).
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Most archaea and actinobacteria have one a- and one B-type subunit (see the figure),
but their composition varies from one a-type and two -type, two a-type and two
p-type, and two a-type and one fi-type subunits. Among the species that synthesize
two f-type subunits, one of two [-type subunits is thought to be inactive in the
Sulfolobus, Pyrobaculum and Aeropyrum species. Contrary to the diversity of

the composition observed in prokaryotes, all eukaryotic 205 proteasomes consist of
seven different a- and seven different B-type subunits. Of the seven B-type subunits,
only three f-subunits, B1, P2 and B5, have hydralytic activities. Primitive eukaryotes,
such as yeast, have a single kind of 205 proteasome composed of seven distinct a- and
seven distinct -type subunits. However, many higher eukaryotes have paralogous
genes. For example, all but a7, f1, f6 and p7 are duplicated in Arabidopsis thaliana and
the paralogousa3. a4, a6, B2, 4 and B5 genes in Drosophila melanog are exp

in a male-specific manner, although the functions of these duplicated genes are
unknown. In jawed vert including ls, the constitutive catalytic subunits
P1. 2 and p5 are replaced with B1i, f2i and p5i by interferon (IFN}y stimulation, which
results in for of the i op! Thei which have
higher trypsin-like and chymotrypsin-like activities than srsndard proteasomes, are
thought to have a role in better presentation of antigenic peptides on major
histocompatibility complex (MHC) class | molecules. In the thymus, another catalytic
subunit, B5t, is incorporated in the 205 proteasomes instead of f5 or §5i along with p1i
and P2i. This thymus-specific proteasome is called thymoproteasome and is thought to
have an essential role in positive selection of MHC class | restricted T cells, a process that
increases useful T cell repertoire. Eukaryotes have acquired proteasome-dedicated
extrinsic chap s, namely ubiguitin-mediated proteolysis 1 (Ump1) or UMP1 and
proteasome biogenesis-associated 1 (Pbal)4 or pr bling chap 1
(PAC1}4, which coincides with the acquisition of subunit complexity.
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Insight from the Pba3-Pba4-a5 complex structure.
Crystal structure analysis has revealed that the tertiary
structure of the Pba3-Pbad heterodimer closely resem-
bles that of the PAC3 homodimer, despite low sequence
similarities* (FIC. 4a). However, it is uncertain whether
the PAC3 homodimers exist in vivo. Intriguingly, Pba3-
Pba4 and PAC3 have a B-sandwich structure that is
formed by two six-stranded B-sheets surrounded by two
helices on each side. This structure resembles those of
a- and B-subunits, although the two B-sheets in a- and
B-subunits are made up of five B-strands* (FIC. 4b).
Analysis of the Pba3-Pba4-a5 complex revealed that
Pba3-Pba4 is attached to the surface of the a-ring where
B-subunits are assembled (FIG. 4c|. However, the binding
mode of Pba3-Pbad is different from that of p-subunits;
Pba3-Pba4 is located at the more inner space of the
a-ring, which enables Pba3-Pba4 to interact with

three different a-subunits (a4, a5 and a6), compared
with B-subunits that interact with two neighbouring
a-subunits [FIG. 4c). This feature of Pba3-Pba4 might
be useful in initiating a-ring assembly. This location of
Pba3-Pbad is consistent with biochemical analyses that
indicate that Pba3-Pba4 or PAC3 detach from a-rings
during B-ring formation (FIG. 3a).

Structural analyses of PAC1-PAC2 and Pbal-FPba2
are not available, but the observation that the binding
of PAC1-PAC2 or proteasome activator 28 kDa (PA28;
also known as PSME1) to assembly intermediates is
mutually exclusive suggests that the binding surface of
PAC1-PAC2 on the a-ring is opposite to that of PAC3
(REF. 56]. PA28 Is an activator complex that is known to
bind to the outer surface of the a-ring in place of 195
RP and is involved in major histocompatibility complex
(MHC) class [ antigen presentation®™".

Dual role of Umpl in -ring formation and dimerization.
Before the discovery of Umpl, the 208 proteasome was
presumed to assemble autonomously. In yeast, umpl
mutants are defective in ubiguitin-mediated proteolysis,
and Ump! was the first identified extrinsic assembly
factor for 208 proteasomes™. Umpl is not essential for
cell viability, but Aump1 cells exhibit significant growth
defects and hypersensitivity to various stresses. Umpl1
is specifically associated with assembly intermediates
of 208 proteasomes and seems to enter the assembly
pathway after association of p2, p3 and p4 in yeast*,
Following dimerization of half-proteasomes, Umpl is
encapsulated and degraded within the newly formed
208 proteasome®, Loss of Umpl causes the accumu-
lation of assembly intermediates and 20S proteasomes
that contain unprocessed p-subunits, which indicates that
Ump1 coordinates the processing of B-subunits and
dimerization of half-proteasomes.

The human orthologue of Ump1 was identified by a
database search and an amino acid sequence analysis of
a small precursor proteasome protein and was named
UMP1 (REF 58), proteassemblin® or proteasome matu-
ration protein (POMP)*'. UMP1 is included in precur-
sor proteasomes with unprocessed B-subunits and is
degraded on the completion of proteasome assembly
with a similar half-life to PAC1-PAC2 (REF 42). However,
knockdown of UMP1 does not cause the accumulation
of assembly intermediates that contain unprocessed
p-subunits, which contrasts with Aump1 cells, which
accumulate such intermediates*****, Furthermore,
knockdown of UMP! impairs B5 recruitment®, and
UMPI can bind to the a-ring in the absence of any
B-subunits in vitro®, suggesting that it is incorporated
into proteasome precursors earlier than yeast Ump1 and
that UMP1 is required for p-ring formation.

Subsequent studies showed that UMP1 knockdown
results in the accumulation of a-rings that do not
contain B-subunits, and that incorporation of UMP1
is coupled with P2 incorporation in vivo: UMPI1 is
required for f2 incorporation, and vice versa® [FIG. 3a).
Therefore, UMP1 is required for the initiation of
B-ring formation, a role that has not been observed
for yeast Ump1. Furthermore, UMP1 also regulates
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Table 1| Proteasome assembling éhapamnes in humans and yeast

Humans Yeast

Name Alias HUGO Length(aa) Name Alias Systematic gene name Length(aa) Sequence identity

Proteasome assembling chaperones

PAC1 DSCR2 PSMG1 288 Pbai Pocl YLR199C 276 <10%

PAC2 HCCA3 PSMG2 264 Pbaz Add66 and Poc2  YKL206C 167 19%

PAC3 MGC10911 PSMG3 122 Pba3 ;Po?s Dmpzand YLROZIW 179 <10%
rc.

PAC4 ChorfBb PSMG4 123 Pba4 Poc4 and Dmpl  YPL144W 148 <10%

UMP1  Proteassemblin  POMP 141 Umpl  Rns2 YBR173C 148 24%

a-subunit

a5 Zeta PSMAS 241 as Pup2and Doas  YGR253C 260 60%

For comparison, we provide information on the a5 subunit. aa, amine acids; Doa$, degradation of a2; DSCR2, down syndrome critical region gene 2;
HCCA3, hepatocellular carcinoma associated gene 3; MGC 10911, mammalian gene collection 10911 PAC, plotemme nmrﬂhllng chaperone: Pba, proteasome
biogenesis-associated; POMP, proteasome maturation protein; Rns, RNase hyper UMPI,

the recruitment of precursor proteasome at the endo-
plasmic reticulum, which seems to be the main location
of proteasome assembly in mammalian cells*.

Intramolecular chaperones promote proteasome assembly,
Propeptides of some proteases are known to facilitate
their own folding or molecular assembly, working as
intramolecular chaperones®. The propeptides and tails
of 208 proteasome P-subunits have such roles. Bacterial
R. erythropolis B-subunit propeptides promote sub-
unit folding as well as proteasome assembly***. The
roles of N-terminal propeptides and C-terminal tails of
p-subunits have been studied in yeast and humans and
these C-terminal tails have been shown to have important
roles in proteasome assembly by providing specific inter-
actions with cis- and trans-p-rings. The propeptide of 5
facilitates its incorporation into the 208 proteasome and
is essential for yeast viability®. In human cells, B5 propep-
tide is not required for its own incorporation but rather
for P6 recruitment®, The propeptides of 1 and p2 are
dispensable for cell viability but are known to protect
the N-terminal catalytic Thr residue of p1 and B2 against
N-acetylation, and mutants lacking these two propep-
tides display modest defects in proteasome biogenesis®,
In human cells, loss of B2 propeptide leads to failure of
3 recruitment and is therefore fatal*. The C-terminal
tail of B2, which wraps around B3 in the same B-ring, is
also essential for proteasome biogenesis both in yeastand
human cells**¢#” /G, 2), The C-terminal tail of f7, which
is inserted into a groove between f1 and B2 in the oppo-
site ring, also has an important role in the dimerization of
half-proteasomes®™***#” (£, 2) as well as stabilization
of the active conformation of B1 (REF. 67).

Interestingly, the propeptides of human p-subunits
are different from those of yeast counterparts, compared
with the mature B-subunits, which are well conserved
between yeast and humans (Supplementary informa-
tion S1 (figure)). Such differences are also noted in the
proteasome-dedicated chaperones (TABLE 1). It might be
assumed that non-essential propeptides and chaperones
do not need to be highly conserved during evolution,

whereas their basic functions and tertiary structures
are maintained: PAC3-PAC4 and Pba3-Pba4 are good
examples (see above), However, the C-terminal exten-
sion of B2, which has an essential role by directly asso-
ciating with p3, is highly conserved (Supplementary
information S1 (figure)). In this sense, it is curious
that the essential p5 propeptide is poorly conserved
(Supplementary information S1 (figure)). As the 5
propeptide associates both physically and function-
ally with Ump! or UMP1 (see below), the B5 propep-
tide might have evolved to work cooperatively with
Umpl and its orthologues, the sequences of which have
significantly changed during evolution,

Dimerization of the half-proteasome. Incorporation
of B7 into half-mers (-p7) and intercalation of its
C-terminal tail between 1 and B2 of the opposing
p-ring triggers dimerization of the half-proteasomes
in yeast and human******', Overexpression of p7 sup-
presses the lethality of a p5 mutant that lacks its propep-
tide (p54pro), which suggests that B5 propeptide has
a partially redundant role for half-mer dimerization.
Intriguingly, Aumpl and B6Apro also rescued the
lethality of p5Apro, and Aumpl rescued the lethality
of BeANTE (NTE stands for N-terminal extension; a
unique N-terminal nine residue sequence in mature 6).
These observations suggest that p7, B5 propeptide and
6 NTE promote proteasome assembly, whereas Umpl
and 6 propeptide have an inhibitory role on dimeriza-
tion of half-mers, Ump]1 could be an assembly check-
point factor that inhibits this dimerization until a full
set of B-subunits are recruited on to the a-ring, and thus
mediates productive proteasome assembly**,
Bleomycin-sensitive 10 (Blm10) was identified
as a component of proteasome precursors that have
been purified with Umpl in yeast®. Ablm10 cells
grow apparently normally under normal conditions
but show mild temperature sensitivity. The turnover
of Ump1 and the processing of p5 are accelerated in
Ablm10 cells, which suggests a role for Blm10 in pre-
venting the premature formation of 205 proteasomes®.
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Figure 3 | Model for prot bly. a| The bly of human 205 proteasomes. Proteasome assembling
chaperone 1 (PAC1}-PAC2 heterodimers and PAC3-PAC4 complexes assist a-ring formation. PAC1-PAC2 suppresses
off-pathway aggregation of a-rings. Sequential incorporation of B-subunits starts from the association of B2 and
ubiquitin-mediated proteolysis 1 (UMF1) on the a-ring. UMP1 is required for association of B2 in the early assembly
intermediates, PAC3-PAC4 is released following the association of B3 and is recycled. Subsequent orderly incorporation
of other f-subunits is assisted by intramolecular chaperones such as the propeptides of B2 and p5 and the
carboxy-terminal tail of p2. Dimerization of half-proteasomes without 7, also called half-mers {(-f7), is triggered by
incorporation of p7 and intercalation of its C-terminal tail into the groove between 1 and p2 of the opposing f-ring.
This is followed by removal of f-subunit propeptides (B1, B2, B5, p6 and B7) and UMP1 degradation, PAC1-PAC2 is
subsequently degraded by the newly farmed active 205 proteasomes. b | The assembly of 195 regulatory particle (RP) is
largely unknown, but it is suggested that the base and the lid are assembled independently. In yeast, Yin6 and heat-shock
protein 90 (Hsp90) seem to be involved in the assembly of the lid, which is thought to be formed from two different
subclusters. Regulatory particle non-ATPase 10 (Rpn10) stabilizes the connection between the lid and the base. In yeast,
extracellular matrix 29 (Ecm29) has a role in tethering the 205 to the RP. In mammals, the so-called modulator complex

facilitates the association of the RP with the 205 by an unknown mechanism. Rpt, regulatory particle triple-A.

However, the combination of Blm10 deletion and p7
C-terminal truncation results in severe impairment
of proteasome activity and B2 processing, indicating
that Blm10 promotes proteasome maturation, presum-
ably by stabilizing nascent 208 proteasomes®, A single
model that can account for these two conflicting roles
of Blm10 remains elusive at this stage. Additional func-
tions beyond 208 maturation have been reported for
Blm10 and its mammalian homologue PA200 (also
known as PSME4), Blm10 and PA200 bind to the ends
of mature 20S proteasomes and open the axial channel,
thus enhancing peptide hydrolysis, most notably after
acidic residues, which is responsible for a role for Bim10
and PA200 in maintaining genomic stability®-™,

The 195 RP might also participate in stabilizing nas-
cent 20S proteasomes, because the RP associates with
an Ump!-containing complex in the absence of Blm10,
and an rpn2 mutant that is defective in the 195 RP-20S
interaction shows a large accumulation of precursor
complexes that contain unprocessed B2 when combined
with Ablm10 [REF 55).

The correct dimerization of half-proteasomes is fol-
lowed by the removal of B-propeptides and degradation
of Ump! coincides with the completion of proteasome
maturation, followed by degradation of PAC1-PAC2
[REFS 42,52] (FIC. 3a).

Tissue specific proteasomes

Vertebrates encode four additional catalytic p-subunits:
three interferon (1IFN)y-inducible p1i, p2i, p5i immu-
nosubunits and one thymus-specific 5t subunit, which
are incorporated in the place of their most closely related
PB-subunits, thus forming distinct subtypes of proteasomes
with altered catalytic activities . These are called immuno-
proteasomes and thymoproteasomes™ 7, These alterna-
tive proteasomes have key roles in acquired immunity by
altering antigen processing, The immunoproteasome has
increased chymotrypsin-like and trypsin-like activities,
which are favourable for the production of antigenic pep-
tides that bind to the groove of MHC class I molecules™”,
The thymoproteasome has reduced chymotrypsin-like
activity, which is thought to be important for the produc-
tion of a unique peptide repertoire in the thymus™™*, By
comparison, the 208 proteasome, including constitutively
expressed catalytic subunits B1, B2 and B5, is often called
the standard or constitutive proteasome,

In Drosophila melanogaster, approximately one-third
of the proteasome subunits are found to have testes-
specific isoforms". One of these, proteasome subunit
ab testis-specific (PROSa6T), is required for spermato-
genesis®, However, whether there are specific mecha-
nisms for the assembly of such testes-specific subtypes
has not been explored.
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Figure 4 | Structural basis of Pba3-Pba4 and PAC3. a| Ribbon diagrams of the proteasome biogenesis-associated 3
(Pba3}-Pba4 heterodimer (in yeast) and the proteasome assembling chaperone 3 (PAC3) homodimer (in mammals). Both
complexes have p-sandwich structures that are formed by two six-stranded p-sheets, and these sandwich structures are
surrounded by four helices. a-helices and p-strands are shown by cylinders and arrows, respectively. b | Ribbon diagrams of
the a5 and B5 subunits. Alla- and B-subunits have the same basic structures, except the helical structure of HO at the
amino terminus of the a-subunits. ¢ | Model of the Pba3-Pbad—a-ring-4—5 complex. Pba3-Pbad, B4 and B5 are shown in
ribbon presentations. Pab3-Pba4 is located deeper in the a-ring compared with p-subunits and thus interacts with three
a-subunits, a4, a5 and a6, whereas 5 interacts with only two a-subunits, a4 and a5. This model also shows that the
presence of Pba3-Pba4 on the a-ring causes steric hindrance with 4.

The immunoproteasome. The mechanism of immu-
noproteasome assembly has been well studied. The
propeptides of the immunosubunits and UMP1 have
key roles in this process. Similar to the standard protea-
some, the immunoproteasome is assembled in a step-
wise manner, but one remarkable difference is that p1i
enters the assembly pathway of the immunoproteasome
earlier than in standard proteasome assembly, form-
ing an assembly intermediate containing an a-ring,
B1i, P2i, B3 and B4 (REF. 54). In this intermediate, the
incorporation of f2i depends on Bli, and the incor-
poration of B1i is in turn facilitated by p2i, although
p1i can be incorporated in the absence of p2i*-*, 5i
is incorporated preferentially over B5 into the inter-
mediates that contain f1i and P2i and is required
for the processing of f1i and p2i, which is dependent on
the B5i propeptide but not on p5i catalytic activity**,
Such interdependency provides homogenous formation
of immunoproteasomes that contain all three inducible
subunits. B5i can also be incorporated into the stand-
ard proteasome. Consistent with these observations,
p2i processing and incorporation is severely impaired
in Bli-deficient cells, and pli incorporation is partially
impaired in B2i-deficient cells, whereas p5i incorpora-
tion is not affected in both cells**. p5i-deficient cells
that have been treated with concanavalin-A, a lectin that
is known to activate lymphocytes, exhibit significant
retardation of proteasome assembly and accumulation
of proteasome precursors containing unprocessed p1i
and p2i*.

Intriguingly, IFNy stimulation increased the
transcription of UMP! mRNA along with that of
immunosubunits®*, but it decreased UMP1 protein
levels, thereby accelerating its turnover by approxi-
mately fourfold®. This rapid turnover was coupled with
the maturation of active immunoproteasomes, which
indicates that the generation of immunoproteasomes
is fourfold faster than that of standard proteasomes®,
The higher affinity of UMP1 to B5i compared with
B5 is likely to contribute to the rapid maturation of
immunoproteasomes®, Through these mechanisms,
immunoproteasomes are preferentially assembled over
standard proteasomes, despite the coexistence of both
immunosubunits and standard subunits.

The thymoproteasome. Another vertebrate-specific 208
proteasome is the thymoproteasome, which is exclusively
expressed in cortical thymic epithelial cells (¢TECs).
¢TECs are responsible for a process that is referred to
as positive selection, which enriches the useful reper-
toire of developing T cells in the thymus”™, The catalytic
subunits of the thymoproteasome are composed of pli,
p2i and p5t. Ectopically expressed p5t in a human cell
line that does not express immunosubunits can be read-
ily processed and incorporated into the proteasome”,
suggesting that B5t is preferentially incorporated over p5
and that B1iand p2i are not prerequisites for its incorpo-
ration. As most proteasomes in ¢TECs are thymoprotea-
somes, it is presumed that B5i is also expressed in cTECs
and that p5t is preferentially incorporated over p5i.
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Cdc48

A chaperone-like AAA* ATPase
that is required for various
cellular processes, such as cell
cycle progression, homotypic
membrane fusion and ERAD
The human counterpart of
Cdc48 is valosin-containing
protemn

Proteasome-activating
nucleotidase

An AAA " ATPase ring comphex
and archaeal regulatory
particle triple-A homoiogue
that opens the gate of 205
proteasomes and activates
protein degradation

PCl domain

The homology domain of
unclear lunction that is present
in several components of the
proteasome, the COPS
signalosome and eukaryotic
transiation initiation factor 3

COP9 signalosome

An eight-subunit protein
complex that regulates protein
ubiquitylation and tumover in
vanous developmental and
physiological contexts.
Extensively characterized in
plants but fundamental to all
eukaryotes, this complex post-
transiationally modifies the
cullin subunit of E3 ublquitin
ligases by cleaving the
covalently coupled
polypeptide Nedd8.

The propeptide or exceptionally extended C-terminal tail
(51 amino acids) of p5t might be involved in the assem-
bly of thymoproteasomes, but there is no evidence in
support of this.

Assembly of the 195 RP

The 195 RP is found only in eukaryotes. Compared with
the 208 proteasome, the mechanism involved in the assem-
bly of the 195 RP is mostly unknown. In an N-terminally
truncated mutant of Rpn2, a base subunit, 265 protea-
somes were almost completely abolished at the restrictive
temperature, but the complete lid complex was observed
in yeast™. Conversely, the base complex was found in the
rpn5-1 lid mutant®, These findings suggest that the base
and the lid are assembled independently, after which these
two subcomplexes are joined (FIG. 3b). However, accumu-
lation of Rpt5-containing particles of various sizes was
detected in cells with impaired 205 proteasome formation
(Aumpl, Apba3 and Apbad) or a3 cells™. This indicates
erroneous RP formation in the presence of defective 208
proteasomes, raising the possibility that the 208 proteasome
functions as an assembly factor for the RP*.

Putting together the base. The base is composed of six
related AAA® ATPase and three non-ATPase subunits.
The six ATPase subunits are thought to form a ring-like
structure by analogy to other AAA* ATPase complexes,
such as cell division cycle 48 (Cdc48) and proteasome-
activating nucleotidase, which are successfully assem-
bled into homohexamers when expressed in E. coli*™*®,
However, coexpression of the six proteasome ATPases in
E. coli failed to yield a heterohexameric complex™. Rather,
coexpression of Rpt1 and Rpt2 or solo expression of Rpt4
yielded high molecular weight complexes™. These results
suggest the existence of chaperones that discriminate
and arrange the six homologous ATPase subunits in a
defined order, as is observed in the assembly of 208 a-ring.
Recently, a model in which the RPN1-RPN2 complex is
located as the central unit of the base, around which the
six ATPase subunits wrap to complete the base, has been
presented. This might suggest a role of RPN1-RPN2 asa
platform for base assembly™.

Several extrinsic factors of unknown functions that
associate with certain base subunits have been identified:
p27 forms a complex with RPT4 and RPTS (REF 92), p28
(also known as gankyrin) with RPT3 (REFS 93-95), and
subunit 5b (S5b) with RPT1, RPT2 and RPN1 (REF. 19),
These subcomplexes might be assembly intermediates
of the base complex, and these non-proteasomal fac-
tors might act as chaperones to help assemble the base
complex correctly.

Assembling the lid. Based on the detection of partially
assembled lid subcomplexes in yeast lid mutants® and
results of mass spectrometry analysis of intact lid”, two
clusters in the lid complex have been proposed: one is
composed of Rpn5, Rpn6, Rpn8, Rpn9 and Rpnl1 and
the other of Rpn3, Rpn7, Rpn12 and Rpn15, in which the
Interaction of Rpn3 and Rpn3 connects the two clus-
ters [FIG. 3b). These observations are consistent with the
reported subunit interaction maps that are based on yeast

two-hybrid analysis®™*. However, whether these clusters
are authentic assembly intermediates and, if so, how these
clusters are assembled, remains elusive.

Hsp90, the most abundant molecular chaperone
known to assist in protein folding and cell signalling'®,
is thought to have a role in both the assembly and main-
tenance of the lid in yeast™', Inactivation of Hsp90 in
yeast led to disassembly of the lid complex, which was
then reassembled into the 265 proleasome by reactivation
of Hsp90 in vivo or by adding normal Hsp90 and ATP
in vitro'™, These findings suggest that the ATP-dependent
chaperone activity of Hsp90 contributes to the assembly
of the lid as well as the 265 proteasome, However, the
molecular role of Hsp90 in the 268 proteasome assembly
remains to be identified.

Schizosaccaromyces pombe Yiné is the homologue
of the mammalian oncoprotein INTS. It has a proteas-
ome-COP9-initiation factor domain (PC! domain) and
is known to interact with the 268 proteasome through
Rpn5 (REF. 102). The lid itself also contains four PCI
domain proteins (Rpn3, Rpn5, Rpné and Rpn9) and the
PCI domain is suggested to function in protein-protein
interaction, In Ayin6 cells, Rpn5 does not efficiently
incorporate into 268 proteasomes owing to mislocaliza-
tion of Rpn5, which results in defective 265 proteasome
formation'™. Overexpression of Rpn7 rescues protea-
some mislocalization or disassembly in Ayiné cells, sug-
gesting further functional interaction between Yin6 and
the 268 proteasome'™. However, there is no evidence for
mammalian INT6 being involved in the assembly of 265
proteasomes. Furthermore, INT6 binds not only to the
lid but also to the COP3 signalosome and eukaryotic trans-
lation initiation factor 3 (elF3)'™, and therefore the role
of INT6 and Yiné might not necessarily reflect a role in
proteasome function.

Regulation of 205-RP interactions

The eukaryotic 20S proteasome is a latent protease on
its own because the centre of the a-ring, through which
unfolded polypeptides enter the chamber of the 208 pro-
teasome, is gated by the N termini of the a-subunits*'®.
Association of the C termini of RPT2 and RPTS5 of the
base is proposed to open the gate to the chamber of
the 208 and enables the 208 proteasome to degrade pro-
teins by sticking the conserved C-terminal residues of
RPT2 and RPTS5 into pockets between a-subunits'™ ',
ATP binding to the ATPase subunits is required for this
interaction'”"”, Thus, regulation of 205-RP interactions
is a crucial step in proteasome function.

Intriguingly, in a yeast lid mutant (rpn5-1) that
exhibits defective lid assembly but normal base and 208
assembly, the base and the 208 proteasome could not
form a stable complex, suggesting that the association of
the lid with the base induces a conformational change
of the base that is necessary for the stable association of
the RP with the 208 proteasome™. Inhibition of pro-
teasome active sites also stabilized 265 proteasomes,
suggesting that the interface between the RP and the
208 proteasome dynamically changes depending on
the activities of the 20S proteasome'"*. However, it has
been reported that the disassembly of the 265 proteasome
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and even dissociation of the RP into subcomplexes or
subunits are induced following ATP-dependent degrada-
tion of a substrate protein in yeast'". By contrast, mam-
malian 268 proteasomes can degrade substrate proteins
without any release of subunits or subcomplexes''?, and
therefore this ‘chew and spew’ model observed in yeast
is still controversial''* ",

Some auxiliary factors have been shown to regulate
RP association with the 208 proteasome. Extracellular
matrix 29 (Ecm29) is a protein of approximately 200 kDa
and can bind to both the RP and the 20S proteasome
in yeast'"®, Purified 268 proteasomes from Aecm29
cells tend to dissociate into RPs and 208 proteasomes.
Together with the findings of electron micrographs of
Ecm29-20S proteasome complexes, it is likely that Ecm29
stabilizes 265 proteasomes by tethering the 208 protea-
some to the RP'"™, a function that can overcome even the
absence of ATP!', The so-called modulator complex,
which is a complex of p27, RPT4 and RPT5 and is found
in mammalian cells, enhanced the proteolytic activity
of the proteasome by promoting the association of RPs
with 208 proteasomes''s!"? (FiG, 3b), However, the mecha-
nism of this action remains unknown. Nob1, which was
identified as a binding partner of Rpn12 and Pnol, was
reported to interact with the RP-half-proteasome precur-
sor that contains Ump1, and is required for this precursor
maturation, resulting in both 208 and 26S proteasome
formation in yeast'"", However, Nob1 was also reported
as an endonuclease for processing of the 208 pre-rRNA
to the mature 185 rRNA, and its role in proteasome bio-
genesis has been challenged™'"”. Discrepancies between
these results remain to be reconciled.

Concluding remarks

The regulation of proteasome activity in tumour cells is
clinically important'®, Based on the successful clinical
use of bortezomib, an inhibitor of proteasomal catalytic
activity, in the treatment of multiple myeloma, attempts

sake of construction, Physiol. Rev. B2, 373-418
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to broaden its application for other types of malignant
neoplasms as well as development of new proteasome
inhibitors are currently underway'*'*. In contrast
to increased proteasome activities in tumour cells,
decreased proteasome activities have been suggested in
neurodegenerative diseases and ageing'*'*. In addition,
it has been reported that a single nucleotide polymor-
phism in the PSMAG gene that increases the expression
of the al subunit confers susceptibility to myocardial
infarction'?, although the precise mechanism is unclear.
Therefore, elucidating proteasome regulation at various
steps, such as transcription, assembly, catalytic activity
and localization, could provide clues to treatment of
these disorders.

Among these potential regulatory processes, the
assembly mechanism of the 208 proteasome is well studied.
205 proteasome assembly in yeast and human cells have
been proven to closely resemble each other, sharing
common assembly chaperones as well as intramolecular
chaperones, although some of their roles are slightly dif-
ferent between yeast and humans. As the crystal structure
of the mammalian 208 proteasome is known, it might
be feasible to design drugs that inhibit contact surfaces
that are important for the assembly between subunits
or subunits and assembly chaperones. Furthermore,
the mechanism of RP assembly should be studied more
extensively. At present, we do not even know the initial
events or the requirements for certain assembly chaper-
ones in the RP assembly. Extensive genetic screening has
been done to identify genes that modulate the ubiquitin-
proteasome pathway, and numerous proteasome mutants
and mutants that affect the 208 proteasome assembly
have been identified. However, the exact molecules that
are essential for RP assembly remain undiscovered at
present. This could also suggest that the assembly of
the 195 RP is autonomous, these molecules have been
simply overlooked, or a novel and alternative screening
approach is needed to identify such molecules.
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