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activator recruitment; i.e., the ATPase activity of
PAT700 drives a stable association of a transactiva-
tor with the SAGA histone acetyltransferase com-
plex,”™ PA700 also acts nonproteolytically in
nuclear excision repair (NER)."*'3® Chromatin
remodeling is another nonproteolytic role of PA700,
with implications for both transcription and DNA
repair.”*” In addition, a proteasome-derived AT-
Pase activity mediates relocalization of the sub-
strates of endoplasmic reticulum-associated degra-
dation (ERAD), a function that is primarily
attributed to the AAA-ATPase p97/Cdc48.'3
ERAD eliminates aberrant proteins from the ER
by localizing them to the cytoplasm where they are
tagged by ubiquitin and degraded by the protea-
sS0Ime.

As described before, PI31 and PR39 are
naturally occurring proteasome inhibitors, but their
physiological functions are unclear. On the other
hand, membrane-permeable synthetic inhibitors
have been devised; e.g., various substrate-related
peptidyl aldehydes have been designed as potent
inhibitors of proteasomes, such as MG-132 (N-
carbobenzoxy-Leu-Leu-leucinal) and PSI ( N-carbo-
benzoxy-L-gamma-t-butyl-L-glutamyl-L-alanyl-L-
leucinal), and the non-aldehyde peptidyl inhibitor Z-
L3VS (carboxybenzyl-leucyl-leucyl-leucine vinyl sul-
fone), which are often used in in vilro and in vive
experiments.'**1%) However, caution must be exer-
cised in their use for inferring proteasome functions,
because they inhibit not only proteasomes but also
cysteine proteases such as calpains and lysosomal
cathepsins.'*® In contrast to these compounds,
microbial metabolites, lactacystin and epoxomicin,
were found to be selective proteasome inhibitors that
do not affect other proteases examined so far.'37:138)
Of particular interest is bortezomib (also known as
velcade or PS-341). Bortezomib as first-in-class
proteasome inhibitor has proven to be highly effec-
tive in some hematological malignancies, and in fact
it has been granted approval by the FDA for
relapsed multiple myeloma and non-Hodgkin lym-
phoma (NHL) and has been used clinically in over 85
countries worldwide so far.!*® Moreover, preclinical
studies demonstrate that proteasome inhibition
potentiates the activity of other cancer therapeutics,
and particularly, the combination of proteasome
inhibition with novel targeted therapies is an emerg-
ing field in oncology."*® Furthermore, Salinospora-
mide A (also called NPI-0052),'*" recently identified

[Vol. 83,

from the marine bacterium Salinispora tropica, is a
potent inhibitor of 208 proteasome and exhibits
therapeutic potential against a wide variety of
tumors. In addition, many other proteasome inhib-
itors are being assessed clinically for therapeutic
use.'*? Thus, proteasome inhibitors provide a power-
ful new tool as fashionable drugs against cancer and
other diseases including inflammations.

Finally, it should be emphasized that studies
of the proteasome continue to provide significant
insights in the physiologic roles of these com-
plexes. Many questions, however, remain to be
uncovered.
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Crystal structure of a chaperone complex that contributes
to the assembly of yeast 20S proteasomes

Hideki Yashiroda'!?, Tsunehiro Mizushima®'?, Kenta Okamoto®, Tomie Kameyama', Hidemi Hayashi*?,
Toshihiko Kishimoto®®, Shin-ichiro Niwa*, Masanori Kasahara’, Eiji Kurimoto®, Eri Sakata'?, Kenji Takagi?,
Atsuo Suzuki?, Yuko Hirano’, Shigeo Murata'$, Koichi Kato®?, Takashi Yamane? & Keiji Tanaka'

Eukaryotic 205 proteasomes are composed of two a-rings and two -rings, which form an appx stacked structure, Here we

describe a

pecific chaperone complex, designated Dmp1-Dmp2, in budding yeast. Dmp1-Dmp2 directly bound to

the 5 subunit to facilitate «-ring formation. In Admp7 cells, «-rings lacking 24 and decreased formation of 20S proteasomes
were observed. Dmp1-Dmp2 interacted with proteasome precursors early during proleasome assembly and dissociated from

the
resemble that of PAC3—a mammalian proteasome-assembling

precursors before the formation of half-proteasomes. Notably, the crystallographic structures of Dmp1 and Dmp2 closely

; nonetheless, neither Dmp1 nor Dmp2 showed

obvious sequence similarity to PAC3. The structure of the Dmp1-Dmp2-a5 complex reveals how this chaperone functions
in proteasome assembly and why it dissociates from proteasome precursors before the f-rings are assembled.

The 265 proteasome is a large protein complex consisting of a catalytic
core particle (the 208 proteasome) and the 195 regulatory particle',
The 205 proteasome is a cylindrical particle formed by the axial
stacking of four heteroheptameric rings: two outer a-rings and
two inner P-rings, each of which is made up of seven structurally
similar 2 and B subunits, respectively, interact to create a
2;.7B1.7By 727 structure.

The molecular mechanisms underlying the assembly of 208 protea-
somes have attracted a great deal of interest in recent years. The
proteasome from the archaebacterium Thermople acidophilum has
a quaternary structure that is essentially identical to that of eukaryotic
proteasomes, although it is composed of only two different subunits,
2 and P. Coexpression of these subunits in Escherichia coli results in
complete and proteolytically active proteasomes’. Although deletion
of the propeptide of the B subunit has no effect on proteasome
assembly in T. acidophilum, the bly of the 205 proteasome in
eukaryotes is more complicated; five of the seven i subunits (p1,
B2, Bs, P6 and P7) are synthesized as precursor forms with extended
polypeptide sequences at their N termini, and the propeptides of
the B subunits are required for eukaryotic 205 proteasomes to
assemble normally®.

Recent evidence indicates that proteasome assembly in eukaryotes
requires additional chaperone molecules. In mammals, a heterodimer

of proteasome-assembling ch.-npemnes 1 and 2 (PACI-PAC2) binds to
early assembly intermediates c ing a restricted subset of
a subunits and promotes %-ring formation®. PAC1-PAC2 remains
attached to the a-ring after its for and supp nonproduc-
tive x-ring dimerization, thereby promoting attachment of the
B subunits to the x-rings. f subunits are thought to attach to the
a-rings in an orderly manner in mammals as well as in yeast; in fact,
incomplete precursor complexes consisting of all seven « subunits and
three B subunits (B2, p3 and P4) have been identified®’. Another
chaperone molecule, known as the proteasome maturation factor
Umpl, associates with 155 proteasome precursors®. In the yeast
Aumpl mutant, pre bly and ion are strongly
impaired, In a similar way to PACI-PAC2, a newly identified mam.-
malian chaperone, PAC3, was also found to bind to the a-ring and to
be required for proper a-ring formation®. Unlike PAC1-PAC2 and
Umpl, however, PAC3 dissociates before the formation of half-
proteasomes, a process that is coupled with the recruitment of the
P subunits and Ump1.

Whether eukaryotic cells share a common mechanism for protea-
some assembly is unknown. Yeast cells express Ump] with about 30%
amino acid sequence identity with the human counterpart (also called
POMP and proteassemblin)'®'?, suggesting that Umpl is probably
conserved in eukaryotes. As for the PAC proteins, it was recently
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Figure 1 Identification of Dmp1l and Dmp2. (a) Steady-state levels of f-galactosidase
(B-gal) activity in wild-type (WT), Admpl, Admp2, Admpl Admp2 and Apre9 cells.

(b) Growth of Admp1 cells carrying pRS316 or pT17 (pRS316-Dmpl) and Admp2 cells
carrying pRS316 or pT27 (pﬂsalﬁ-ﬂmp!) on YPD + 5 mM AZC (proline analog) plates
ins in WT, Admpl, Admp2 and
Apred cells cultured for 3 h at 37 °C. 3-Phosphoglycerate kinase (Pgk1) was used as a e
protein-loading control. Ub, ubiquitin. (d) Genetic interactions between dmp and other
ublquitin-proteasome system-related mutations. Above, dissection of diploid cells bearing
Arpnd and Admpl or Arpn4 and Admp2 mutations. Below, growth of WT, Arpnl0),
Admpl, Admp2, Arpnl0 Admpl and Arpnl0 Admp2 cells on a YPD plate at 37 °C for
ipitates with, left, Dmp2- hemagglutinin

at 27 °C for 3 d. (c) D ion of p p

3 days. (e) Western blot analysis of irr
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reported that in Saccharomyces cerevisiae Pbal and Pba2, which show
weak sequence similarity to PACI and PAC2, respectively, form a
heterodimeric complex and bind to proteasome precursor complexes’.
Unlike the phenotypes observed following PAC1 and PAC2 knock-
downs, however, Apbal and Apba2 cells show only mild defects in
proteasome biogenesis.

In this paper, we describe a newly identified heterodimeric complex
of Dmpl-Dmp2. Although Dmpl and Dmp2 show no obvious
sequence similarities to PAC3, the biological function and quaternary
structure of this heterodimer are strikingly similar to those of PAC3.
We show that Dmpl-Dmp2 is critically involved in 20S proteasome
assembly, and we propose that the identified chaperone-dependent
mechanisms that contribute to proteasome assembly are probably
conserved among eukaryotes.

RESULTS

Isolation of dmp mutants

To search for genes involved in the ubiquitin-proteasome system, we
streaked yeast knockout strains on YPD plates containing the proline
analog i-azetidine-2-carboxylic acid (AZC; 5 mM) or SD plates
containing the arginine analog canavanine (1 mg ml™') and incubated
them at 26 °C for 3 d. Among the many mutants that were sensitive to
the amino acid analogs, we selected 23 uncharacterized mutants on
the basis of the criterion that the disrupted gene products or proteins
that they interact with are conserved in higher eukaryotes. We then
examined the ability of each mutant to degrade model substrates for
the N-end rule pathway or the ubiquitin fusion degradation (UFD)
pathway'*!4, Because Ayplid4w cells showed the most severe defect
among the 23 selected mutants, we further examined the Aypllddw
strain, which we named Admpl (for degradation of misfolded
proteins |; Fig. la, Supplementary Methods and Supplementary
Fig. 1 online). We confirmed degradation defects in Admpl cells by
cycloheximide-chase experiments of Gend, a transcription activator
that turns over rapidly in rich medium'® (Suppl y Fig. 1). We
cloned the YPL144W gene, including the 5’ “and ¥ ﬂankmg regions,
into the pRS316 single-copy vector. Because cloned YPL144W com-
plemented the growth defect of the Admp! cells on YPD + 5 mM AZC

plates, we concluded that YPL144W was DMPI (Fig. 1b), which
encodes a 148-residue (16.6 kDa) protein. We also confirmed that
deletion of DMP] resulted in the stabilization of model substrates in
another background strain, W303 (Supplementary Fig. 1).

Next we examined the accumulation of polyubiquitinated proteins
in the Admpl mutant. We used Apre9 cells, which lacked the u3
subunit of the 208 proteasome, as a positive control. A larger amount
of polyubiquitinated proteins accumulated in Admpl cells than in
wild-type cells, whereas the levels in Admpl and Apre9 cells were
comparable (Fig. 1c). This result indicated that the ubiquitin-
dependent degradation mediated by the 26S proteasome was impaired
in Admpl cells.

To further confirm that Dmpl is involved in the ubiquitin-protea-
some pathway, we crossed the Admpl strain with strains carrying
mutations affecting the ubiquitin-proteasome system. Rpnd (also
known as Sonl or Ufd5) is a transcriptional activator of genes
encoding proteasome subunits'®'?, whereas Rpnl0 (the mammalian
$5a homolog) acts as a receptor capable of trapping polyubiquitinated
proteins'®, When we crossed Admpl with Arpn4, no double mutants
were obtained from 6 predicted tetratypes and 2 nonparental ditypes
in tetrad analysis of 11 asci (Fig. 1d and data not shown). In contrast,
Admpl Arpnl10 double mutants were viable, but showed synthetic
growth defects at high temperatures (Fig. 1d). These genetic interac-
tions suggested that the ubiquitin-proteasome pathway was impaired
in Admpl cells.

Identification of Dmp1-interacting proteins

To identify proteins that interact with Dmpl, we generated a strain
expressing C-terminally Flag-tagged Dmp1 from its native promoter
and analyzed anti-Flag immunoprecipitates using MS. We identified
three interacting proteins: one previously unknown protein encoded
by YLRO2IW as well as the o5 (Pup2) and 26 (Pre5) subunits of the
205 proteasome (Supplementary Fig. 2 online). Because the disrup-
tant of the previously unknown protein displayed AZC sensitivity
similar to the Admpl! strain, we named the YLR0O2IW gene product
Dmp2 (Fig. 1b). Dmp2 consists of 179 amino acid residues and
has a molecular mass of 20.1 kDa. In addition to AZC sensitivity,
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Admp2 cells showed the same phenotypes as Admpl cells, including
the stabilization of model substrates and accumulation of polyubi-
quitinated proteins (Fig. la,c). Furthermore, we observed synthetic
lethality and high temperature sensitivity when Admp2 cells were
crossed with Arpn4 and Arpnl0 cells, respectively (Fig. 1d).

Next, to examine the interaction between Dmpl and Dmp2 in vivo,
Dmp2 was C-terminally tagged with hemagglutinin (HA). Dmp2-
3xHA was immunoprecipitated from cell extracts using anti-HA
antibodies, Western blots of the immunoprecipitated material using
anti-Flag antibodies revealed that Dmpl-3xFlag was also present
(Fig. le). Conversely, when Dmpl-3xFlag was immunoprecipitated
using anti-Flag antibodies, Dmp2-3xHA was coimmunoprecipitated
(Fig. 1e). To further confirm that Dmp1 and Dmp2 form a complex,
6xHis-Dmpl and Dmp2 were coexpressed in E. coli and purified
using nickel-agarose beads. Dmp1 and Dmp2 formed a complex with
an apparent 1:1 stoichiometry and a relative molecular mass of
43 kDa, indicating that the complex was a heterodimer (Supple-
mentary Fig. 3 online).

We then examined whether the Admp] phenotype was enhanced by
the deletion of DMP2. The Admp] Admp2 double mutant was viable,
and, compared to the single mutants, the double deletion did not
enhance the stabilization of model substrates (Fig. 1a). This result
implies that Dmp1 and Dmp2 function as a complex, and that the
deletion of either protein was sufficient to eliminate the function of
the heterodimeric complex.

Dmp1-Dmp2 binds to 205 proteasome precursors

To further characterize the interaction between Dmpl-Dmp2 and the
proteasome subunits, cell extracts of strains expressing Ump1-HA and
Dmp1-3x Flag or Dmp2-3x Flag were fractionated using 8-32% (v/v)
glycerol density-gradient centrifugation. The Dmpl-Dmp2 complex
and half-proteasomes containing Umpl were detected on western
blots using anti-Flag and anti-HA antibodies (Fig. 2a, below). Pepti-
dase activity in each fraction was also measured to determine the
distributions of the 205 and 268 proteasomes (Fig. 2a, above). A low
concentration of SDS (0.025% (w/v)) is known to act as an artificial
activator of 20 protcasomes that are usually latent in cells. This

allowed us to discriminate the activity of 208 proteasomes from that of
265 proteasomes. Both Dmpl-3xFlag and Dmp2-3xFlag were
primarily observed in fractions 1-4, whereas Umpl-HA was found
in fractions 7-10, and 20S and 265 proteasames were identified in
fractions 10-12 and 14-15, respectively, This result indicates that the
Dmp1-Dmp2 complex does not bind to the o subunits cither in the
half-proteasomes or in mature proteasomes.

To examine whether the Dmp1-Dmp2 complex bound specifically
to 5 and a6 in vivo, all of the a and P subunits except B3 and Ump!
were C-terminally tagged with HA. Adding a 3xHA tag onto the C
terminus of B3 caused lethality, so we constructed a strain expressing
N-terminally Myc-tagged B3 under the control of the GALI promoter,
As shown in Figure 2b, when Dmp1-3 x Flag was immunoprecipitated
using anti-Flag M2 agarose beads, all of the « subunits were pulled
down with Dmp1-3xFlag. In contrast, of the B subunits, only p2 was
pulled down. Intriguingly, B2 coimmunoprecipitated as its precursor
form, which was verified by comparing the coimmunoprecipitated
form with P2 in the total cell lysate (Fig. 2c). No interaction between
Umpl and Dmpl was detected (Fig. 2b). These results indicate that
assembly of the 205 proteasome proceeds via a precursor complex
composed of the a-ring, f2 and Dmp1-Dmp2, and that the Dmp1-
Dmp2 complex dissociates from precursors before the formation of
half-proteasomes containing Umpl.

We then investigated which of the proteasome subunits bind
directly to Dmpl-Dmp2. Glutathione S-transferase (GST)-tagged
Dmpl-Dmp?2 (GST-Dmpl-Dmp2) bound to only the a5 subunit
among the o and B subunits, and Ump]1 translated in vitro (Fig. 2d).
This result indicated that the Dmpl-Dmp2 complex bound to the
proteasome precursors via direct interactions with the a5 subunit.

Impairment of 20S proteasome assembly in Admp1 cells

We then examined the Admpl phenotype in more detail, focusing on
proteasome biogenesis. Extracts from wild-type or Admpl cells were
fractionated using 8-32% (v/v) glycerol gradient centrifugation, and
the peptidase activity of each fraction was measured with or without
0.025% (w/v) SDS (Fig. 3a), This experiment revealed that the 205
proteasome activity was reduced by approximately 60% in Admpl
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cells compared to wild-type cells. Immunoblot analysis using an
antibody to yeast 205 confirmed that the level of 205 proteasome
was lower in Admp! cells (Fig. 3a, below). For Admp] cells, the bands
rep ing the 208 p 1e were faint in fractions 7-10. Con-
versely, the bands rep ing the lid comp Rpn9 were slightly
stronger in the fractions from AdmpI cells than in those from wild-
type cells (Fig. 3a, below). The level of free 195 regulatory particle
complexes may have increased in Admpl cells as a result of the
shortage of 205 proteasomes.
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Figure 3 Impaired 205 proteasome assembly in Admpl cells. (a) Suc-LLVY-
AMC hydrolyzing activity of proteasomes in wild-type (WT) and Admp! cells
and immunoblotted (WB) with anti-20S (above) or anti-Rpn9 (below)
antibodies. Arrowheads indicate the positions of 205 or 26S proteasomes.
(b) WB analysis of HA-tagged P subunits in WT and Admp] cells.

The impairment of 205 proteasome assembly in Admpl cells was
supported by the observation that the propeptides of the B subunits
were not efficiently cleaved in these cells, This phenotype was more
apparent at elevated temperatures (Fig. 3b).

Dmp1-Dmp2 is involved in a-ring formation

We further examined the involvement of the Dmp1-Dmp2 complex in
proteasome biogenesis. Total cell Iysates from wild-type, Admpl,
Admp2, Ablm10 and Apba2 cells were subjected to blue native PAGE
(BN-PAGE) (Fig. 4a). Blm10 has been reported to be involved in a late
stage of nuclear proteasome assembly and to function as a proteasome
activator, although these findings remain controversial'*?%, Pba2 has
weak amino acid-sequence similarity to mammalian PAC2 (refs. 5,7).
In agreement with the decreased 208 proteasome activity (Fig. 3a), the
level of 208 proteasomes was lower in Admpl and Admp2 cells, whereas
no appreciable decrease was observed for Apba2 or Ablmi0 cells.
Notably, in addition to the decrease in the level of 208 proteasomes,
we observed other quickly migrating bands in the samples from Admp]
and Admp2 cells. To identify these bands, we carried out BN-PAGE and
western blot analysis using strains expressing HA-tagged proteasome
subunits. The results revealed that the quickly migrating bands con-
tained all of the 2 subunits except w4, together with P2 (Fig. 4b).
Tagging P6 with HA seemed to affect the assembly of the 208
proteasome, because the resulting band pattern was different from
those observed from the strains expressing other tagged subunits (data
not shown). Furthermaore, it is noteworthy that anti-HA antibodies did
not recognize the a7 subunit in mature proteasomes, whereas it clearly
stained the subunit in the intermediate band, suggesting that the C-
terminal portion of the o7 subunit is cleaved during maturation of the
f-ring. To confirm that o4 was not part of the quickly migrating band
observed in samples from Admp] cells and to eliminate the possibility

u.u

Figure 4 Detection of abnormal x-rings lacking 24 in Admpl and Admp2Z cells. Blue native {(BN)-PAGE and immunoblotting (WB) with anti-20$ proteasome
(a) or anti- hemagglutinin (HA) antibodies (b), The filled arrowhead denotes intermediates composed of a-rings observed in Admpl and Admp2 cells. A in b
denotes Admp1. Note in b that the C-terminally attached HA tag of «7 may not be present in mature proteasomes in both wild-type (WT) and Admp! cells.
(e) Two-dimensional BN-SDS-PAGE analysis of the proteasome in YT334 (Admpl, x4-HA) cells. Circles denote the pasition of a quickly migrating band
observed only in Admpl and Admp2 cells. (d) Detection of abnormal complex by BN-PAGE and immunoblotting (left). Detection of Dmp2 by SDS-PAGE and
immunoblotting (right). (e) Schematic model for Dmp1-Dmp2 function. Dmp1-Dmp2 is required for the efficient construction of the =-ring. The details of

the model are provided in the text.
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that the HA epitope of a4-HA was buried and inaccessible to the anti-
HA antibodies, we conducted two-dimensional BN-PAGE-SDS-PAGE;
the results confirmed that a4 was indeed absent from this complex
(Fig. 4c). We then examined whether this complex was a normal
intermediate or an abnormal complex using the strains in which DMFP2
is under the control of the galactose-inducible promoter. When the
expression of DMP2 was repressed in YPD medium, quickly migrating
bands were observed as expected (Fig. 4d). If this complex is a normal
intermediate, which can be detected only when the assembly step is
slowed by the lack of Dmp2, it is expected to be diminished promptly
when the Dmp2 proteins are supplied again. However, this complex
remained even 4 h after the expression of DMP2 was induced (Fig, 4d).
This result suggests that the lack of Dmpl-Dmp2 results in nonpro-
ductive complexes and that the Dmp1-Dmp2 complex ensures that the
steps underlying proteasome assembly occur in the proper order
(Fig. 4e). Dmp!-Dmp2 is required for the efficient construction of
a-rings and in particular for the incorporation of 24 into the a-rings.

Overall structure of the Dmp1-Dmp2 complex

To examine the structural basis of the function of this chaperone, the
crystal nrucrure of the Dmpl-Drnp2 complex wu determined using
multiwavel lous dispersion and refined to 1.96-A resolu-
tion (Fig. 5:1 Dmpl has a globular structure consisting of a six-
stranded fi-sheet and three a-helices. Two antiparallel sheets (5,1, 5,2,
5,3 and 5,4, 5,5, §,6) are composed of three P-strands joined by a
parallel interaction between one strand from each sheet (5,3 and §,6).
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Figure 5 Structure of the Dmpl-Dmp2 complex. (a) A ribbon diagram of the Dmpl-Dmp2 complex.
Dmpl and Dmp2 are colored blue and red, respectively. The secondary structural elements are labeled.
Dotted lines represent disordered regions. (b) Topology diagram of the Dmpl-Dmp2 complex. The a
helices and f strands are represented by cylinders and arrows, respectively. (c) Close-up view of the
Dmp1-Dmp2 interface showing amino acids of Dmpl (blue) and Dmp2 (red). Hydrogen bonds are
indicated by dotted lines. (d) Structure-based sequence alignments of Dmpl, Dmp2 and PAC3. The
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H,1 and H,3 are bound on one side of the B-sheet, and one short helix
(H,2) is located between §,6 and H;3. Dmp2, which has a globular
structure similar to that of Dmpl, consists of a six-stranded f-sheet
and four o-helices. Although no obvious amino acid-sequence simi-
larity between Dmpl and Dmp2 was observed, the tertiary structure
of Dmp2 closely resembles that of Dmpl, with an average r.m.s.
deviation of 3.0 A for 103 Ca atoms (Fig. 5a). The loop between $,4
and §,5 of Dmp!1 (residues 68-77), however, is distinct from the same
loop in Dmp2 (residues 6090 between Sy4 and ;5 of Dmp2). The
loop in Dmp2 is larger than that in Dmp1 and is part of a protruding
structure that also contains H;1 and a flexible region. The H;1 helix is
stabilized by a crystal contact.

The Dmp1-Dmp2 heterodimer has a B-sandwich structure formed
by two six-stranded f-sheets consisting of strands S,1-5,6 of Dmpl
and $;1-5;6 of Dmp2 (Fig. 5ab). This sandwich structure is sur-
rounded by helices H;1 and H,3 of Dmp! on one side and H;2 and
Hy4 of Dmp2 on the other side. Dmpl and Dmp2 interact through an
extensive interface that is approximately 25 A long and 22 A wide,
burying a total of 2,318 A of surface area (1,159 A? each for Dmp] and
Dmp2). The interface involves P-strands 5,1-5,6, loop §,2-5,3 and
loop §,3-5,4 of Dmp], which interact against p-strands $,1-5,6, loop
$,2-5,3 and loop 5,3-5;4 of Dmp2. Dmp 1-Dmp2 binding is mediated
by both hydrogen bonds and van der Waals contacts (Fig. 5¢). Residues
involved in intermolecular formation of hydrogen bonds are Leu2,
Pro37, Ser39, Ser53, Ser54, Leu56, Tyr59 and Leu8s of Dmpl (located
in strands $;1, $,3, ;4 and §,5, and loop 5,3-5;4) and Glu26, Asn35,
Asn36, Gln4l, Arg43, Lysl00 and Serl44 of
Dmp2 (located in strands S22, 53, 5:5 and
5,6, and loop 532 -5;3). Although the interface
residues are not well conserved between Dmp1
and Dmp2, they occupy similar positions in
the three-dimensional structure of each Dmp
molecule (Fig. 5d).

Structure of the Dmp1-Dmp2-45
complex

The Dmpl-Dmp2 complex directly inter-
acted with the a5 subunit (Fig. 2d). To
understand the binding of Dmpl-Dmp2 to
o5, we first constructed a mutant version of
Dmp2 (Dmp2 Aloop), in which the protrud-
ing region (residues 61-90) was deleted to
facilitate crystallization. The crystal structure
= of the Dmpl-Dmp2 Aloop—a5 complex was
determined at 29-A resolution (Fig. 6a,
above). The structure of a5, which consists
of five =-helices and ten P-strands, is essen-
tially identical to the previously reported
e Structure of the a5 subunit in the 205 protea-
w  Some complex; these structures have an aver-
w  age rm.s deviation of 079 A for the Cx
positions. The HO helix of a5, however, is
disordered in the Dmpl-Dmp2 Aloop-u5
complex (Fig. 6a, above). The Dmpl-Dmp2
Aloop structure in the Dmp1-Dmp2 Aloop-
45 complex can be superposed on the Dmp1-
Dmp2 structure with an average nm.s. devia-
tion of 0.93 A for the Ca positions, indicating
that «5 binding does not cause substantial

r sy 18
s s HOR

G Y 104

ts. Identical

of highly ¢ d residues are b

d above the alig
d with a blue background. Residues that interact with Dmp2,
Dmp1 and 25 are indicated by red dots, purple dots and green stars, respectively.

structural changes in the Dmpl-Dmp2 com-
plex. The Dmpl-Dmp2 Aloop complex and
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Figure 6 Structure of the Dmp1-Dmp2-25 complex. (a) Above, a stereo ribbon diagram of the Dmpl-Dmp2 Aloop-35 complex. Dmpl, Dmp2 Aloop and 45
are colored blue, red and cyan, respectively. Below, a ribbon diagram of the =5 (PDB ID code: 1RYP; chain E, cyan) and p5 (PDB ID code: 1RYP; chain L,
green) complex. The secondary structural elements are labeled. (b) Close-up view of the Dmpl-Dmp2 Aloop-45 interface showing amino acids of Dmpl
(blue), Dmp2 (red) and 25 (cyan). Hydrogen bonds are indicated by dotted lines. (c) Binding positions of the Dmp1-Dmp2 complex in the 208 proteasome.
Dmpl, Dmp2 and «5 are shown as ribbon representations and are colored blue, red and cyan, respectively. Cx traces are colored yellow in the =-ring and
green In the f-ring. (d) Model of the Dmpl-Dmp2-x-ring complex derived from the published structure of the yeast proteasome (PDB ID code: 1RYP).
Dmpl, Dmp2 and the x-ring (x1, 42, 23 and 27) are shown as ribbon representations and are colored blue, red and yellow, respectively. x4 {violet), 15 (light
yellow) and =6 (light blue) are shown as surface plots. (e) Model of the Dmpl-Dmp2-a-ring-B4—B5 complex. f4 and B5 are shown as ribbon representations
and are colored light green and green, respectively. (f) Close-up view of the Interface between Dmpl and B4 in the mode! of the complex.

25 are bound by interactions of §;4, 5,5 and loops §,2-5,3, 5,4-5,5,
and H,1-5,6 of Dmpl; H;3, $;5 and loops 5;3-5:4 and §;5-H,2 of
Dmp2; and helices HI and H2 of 5. The truncated loop of Dmp?2 is
located on the oipoai:e side of a5. A total of 984 A? of accessible
surface area (557 A? for Dmp1 and 427 A2 for Dmp2) is buried at the
interface between the Dmp1-Dmp2 Aloop complex and «5. The a5
subunit binds to Dmpl-Dmp2 by packing its H1 helix against the
concave surface of the Dmpl-Dmp2 complex (Fig. 6a, above, and
Fig. 6b). The surface area occupied by the H1 helix of the Dmpl-
Dmp2 complex is 692 A% GluS0, Thr94, Valo7, Leul0l, Tyrl02,
Tyr103 and Argl22 of o5 have a central role, making multiple van
der Waals contacts to Dmp1 and Dmp2. Thr94, Val97 and Tyr102 are
not conserved among the = subunits of yeast proteasomes; these
residues might be important for specific interactions between x5 and
the Dmp1-Dmp2 complex. The intermolecular hydrogen bonds are
formed by residues Tyr102, Tyr103, Aspl18 and Argl22 of u5, Lys35
of Dmp1 and Met48, Thr99, Ser104, Ser147 and Lys148 of Dmp2.
The structure of the Dmp1-Dmp2 Aloop—5 complex illustrates an
intermediate state of proteasome assembly. A model of Dmpl-Dmp2
interacting with the a-ring was generated by superimposing the a5
subunit from Dmpl-Dmp2 Aloop—a5 on the structure of the 20§
proteasome (PDB ID code 1RYP). In this model, Dmp1-Dmp2 bound
to the inner surface of the x-ring (Fig. 6¢c.d). The Dmpl-Dmp2
binding sites in the x-ring are located more internally than those that
interact with the B subunits (Fig. 6e). The B2, A3 and P4 subunits of

the proteasomes are thought to attach to the a-rings during the
primary stage of p-ring assembly. In the Dmp1-Dmp2—2-ring model,
attachment of the P4 subunit to the a-ring causes steric hindrance
between B4 and Dmpl (Fig. 6ef). This steric hindrance probably
triggers the release of Dmpl-Dmp2 from the a-ring during the
attachment of the B subunits onto the a-ring.

Structural similarity between Dmp1, Dmp2 and PAC3

The functional features of the Dmpl-Dmp2 complex discussed above
are reminiscent of mammalian PAC3, PAC3 is involved in a-ring
formation and is released from precursor complexes before the
formation of half-proteasomes. To examine whether Dmpl-Dmp2
and PAC3 are structurally similar, we determined the crystal structure
of PAC3 at 2.0-A resolution. In the crystal, PAC3 forms a homodimer
related by pseudo two-fold symmetry (Fig. 7a). Notably, the tertiary
structure of PAC3 is strikingly similar to those of Dmp! and Dmp2
(Fig. 7b). PAC3 assumes a fold composed of one six-stranded p-sheet
and two x-helices: HI and H2 (Fig. 7c). Superposition of PAC3 on
Dmp! and Dmp2 resulted in an average r.m.s. deviation of 3.2 A for
107 Ca atoms and 2.0 A for 111 Ca atoms, although no obvious
sequence similarity was found even when the alignment was made on
the basis of experimentally verified secondary structures (Fig. 5d).
Comparison of the structures of Dmpl, Dmp2 and PAC3 with other
known protein structures using the DALI server yielded no proteins
with marked structural similarities,
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Figure 7 Structural similarity between Dmpl-Dmp2 and the human PAC3. (a) Structure of PAC3. A ribbon diagram of the PAC2 homodimer. Molecule A
and molecule B are colored dark cyan and olive, respectively. The secondary structural elements of PAC3 are labeled. (b) The structure of PAC3 (clive) is
compared with the structures of Dmpl (blue) and Dmp2 (red). The secondary structural eiements are labeled. (¢) Topology diagram of PAC3. z-Helices and

P-strands are represented by cylinders and arrows, respectively.

DISCUSSION

We have identified the Dmpl-Dmp2 complex as a proteasome-
assembling chaperone in budding yeast. Dmpl-Dmp2 binds to
proteasome subunits until they are organized into precursor com-
plexes consisting of an a-ring and a B2 subunit and dissociates by the
time the precursors become half-proteasomes, which consist of one
copy of each %- and P-ring.

Whereas a-ring formation in mammals is driven by a concerted
action of several chaperones (that is, the PAC1-PAC2 heterodimer and
PAC3)*?, Dmp! and Dmp2 are the first chaperone molecules shown to
be involved in a-ring formation in yeast. Although neither Dmpl nor
Dmp2 is essential for normal growth, self-assembly of 208 proteasomes
may be less efficient in the absence of Dmpl-Dmp2, particularly under
stressful conditions. Supporting this idea, we detected a-rings lacking
o4 in Admpl cells but not in wild-type cells. Thus, we propose that the
Dmpl-Dmp2 complex acts as a chaperone for #-ring formation
(Fig. 4¢). This complex may inhibit inappropriate binding between
23 and a5. It may also accelerate the incorporation of a4 into the
a-ring. Lastly, Dmpl-Dmp2 may ensure proper f-ring assembly by
masking specific docking sites on the f§ subunits (Fig. 6d) to help
locate the P2 subunit at its proper position on the «-ring.

Is the function mediated by Dmp1-Dmp2 conserved in eukaryotes
other than budding yeast? PAC3 shares many characteristics with
Dmpl-Dmp2. In PAC3-knockdown cells, a-ring formation is
impaired, leading to decreased synthesis of 205 proteasomes®. Dis-
ruption of Dmpl or Dmp2 also results in decreased formation of 208
proteasomes. Unfortunately, we did not detect a-rings using glycerol
gradient fractionation even in wild-type yeast cells, possibly because
the assembly of the 205 proteasome occurs more rapidly in yeast than
in mammals, We did, however, identify «-rings lacking 24 in Admpl
cells by BN-PAGE and western blot analysis (Fig. 4), indicating that, as
does PAC3, Dmpl-Dmp2 has a crucial role in -ring formation.
Another feature shared by Dmpl-Dmp2 and PAC3 is that they
dissociate before the formation of half-proteasomes, as is often the
case with chaperone molecules.

Consistent with the functional similarities described above, X-ray
structural analysis revealed that Dmpl, Dmp2 and PAC3 share
extensive structural similarities. Interestingly, the overall structure of
Dmpl-Dmp2 resembles those of 205 proteasome 2 and B subunits,
although the two B-sheets in the x and B subunits are made up of five
p-strands’'~? (Supplementary Fig. 4 online). Attachment of B5 to o5
is achieved via interactions between HI of B5 and HI, 53 and a loop
between S2 and S3 of «5 (Fig. 6a, below). We initially predicted that
the Dmpl-Dmp2 complex would interact with 25 in a similar

Structural analysis, however, revealed that the binding mode
of Dmpl-Dmp2 to 25 is different from that of 5 to 5 (Fig. 6a). In
the Dmp1-Dmp2~a-ring model, Dmp1-Dmp2 is located more deeply
within the «-ring, which allows Dmpl-Dmp2 to interact with 24, a5
and a6, whereas fi5 interacts with only u4 and o5 (Fig. 6e). The
unique binding mode of Dmpl-Dmp2 may be essential for its role as
a proteasome-assembling chaperone.

The crystal structure of Dmpl-Dmp2-45 also provided important
insights into the molecular mechanism underlying the release of
Dmp1-Dmp2 from the precursor complex. Dmpl-Dmp2 does not
attach to the 2-ring in the presence of B4 because of steric hindrance
between B4 and Dmp!1 (Fig. 6ef). This model is consistent with our
in vivo immunoprecipitation data showing that, among the B subunits,
only 2 was coimmunoprecipitated with Dmpl-Dmp2 (Fig. 2b).
Although no interaction was observed between Dmpl-Dmp2 and
the B subunits in vitro, PAC3 directly binds to several P subunits
in vitro. It is possible that transient and/or weak interactions with these
P subunits trigger the release of PAC3 from the proteasome precursors.

In conclusion, we have demonstrated that, regardless of whether
Dmp1-Dmp2 and PAC3 are evolutionarily related (Suppl ¥
Discussion and Supplementary Figs. 5 and 6 online), chaperones are
likely to contribute to 208 proteasome assembly in all eukaryotes.
Such mechanisms presumably became important as the 208 protea-
some increased its structural complexity by acquiring seven distinct
subunits for each ring.

During the prep of this ript, Poc3 and Pocd were
reported to be yeast 205 proteasome assembling chaperones, which are
identical to Dmp2 and Dmpl, respectively®.

METHODS

Strains and plasmids. The E coli strain DH52 was used for propagating
plasmids, BL21 (DE3) cells were used for expression and purification of
recombinant proteins. Strain genotypes are given in Supplementary Table |
online. Yeast knockout strains (catalog ber YSCI053) were purchased
from Open Biosystems. The plasmids used in this study are listed in Supple-
mentary Table 2 online.

Immunological analysis. SDS-PAGE, BN-PAGE and western blotting were
carried out with the NuPAGE system (Invitrogen) as per instructions provided
by the manufacturer. Anti-Dmp2, anti-HA (Babco), anti-Flag (Sigma), anti-
ubiguitin (Chemicon), anti-Pgk! (Molecular Probe), anti-205%* and anti-Rpn9
(ref 25) antibodies were used at various points during the course of this study.
Anti-Dmp2 was raised in rabbits using recombinant Dmp1-Dmp2 complex.
6 His-tagged Dmp! and Dmp2 were coexpressed in E. coli and purified using
Ni-affinity beads.

234

VOLUME 15 NUMBER 3 MARCH 2008 NATURE STRUCTURAL & MOLECULAR BIOLOGY

- 151 -




© 2008 Nature Publishing Group hitpJ/www.nature.com/nsmb

Table 1 Data collection, phasing and refinement statistics
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Dmpl,2 (Native) Dmpl,2 (SeMet) Dmpl,2 Aloop-aS PAC3 (Native) PAC3 (SeMet)

Data collection
Space group P3; PB322 P2,2,2 Pay2,2 Pé32,2
Cell dimensions

abcth 57.5, 57.5, 82.2 139.1, 139.1,923 158.0, 158.5,65.2 B9.1,89.1,57.5 86.6.86.6,57.2

Peak Infiection Remole
Wavelength 0.9000 0.97925 0.97945 0.96408 0.5000 1.5418 15418
Resolution (A) 1.96 3.60 290 2.00 1.80
(2.03-1.96) (3.73-3.60) (3.00-2.90) (2.07-2.00) {1.86-1.80)

[ - 0.059 (0.187) 0.093 (0.518) 0,073 (0.433) 0.105 (0.551) 0.080 (0.350) 0.084 (0.452) 0.052 (0.479)
I al 246 12.5 138 113 20.0 149 168.7
Completeness (%) 98.0(93.7) S8.8 (94.9) 84.6 (85.2) 87.2 (87.1) 99.8 (99.9) 59.9 (99.9) 99.2 (98.1)
Redundancy 4.0(2.6) 6.1(4.8) 43(3.7) 534N 6.3(6.4) 13.2(12.4) 123(10.8)
Refinement
Resolution (A) 49.8-196 50.4-2.90 27.5-2.00
Na. reflections 20,240
Rucrt ! Rires 0.240/0.287 0.250/0.283 0.180/0.252
No. atoms

Protein 2,079 6,604 1883

Water 31 0 259
Bfactors (A2)

Protein 40.9 66.9 248

Water 376 358
r.m.s. deviations

Bond lengths (A) 0.010 0.015 0.019

Bond angles () 1.393 1.757 1.663
Values in are for highest shell, One crystal was used for each data set. SeMet, selenomethionine-substituted protein.
Protein jon. For i and protein purification, cells  manufacturer’s instructions. Recombinant GST-Dmpl-Dmp2 was expressed

were suspended m!)uubuﬁcr(ﬁo mM HEPES-KOH (pH 7.6), 100 mM -
glycervlphosphate, 50 mM NaF, | mM MgCl,, | mM EGTA, 5% (v/v) glycerol
and 0.25% (v/v) Triton X-100 containing complete mini EDTA-free protease
inhibitors (Roche)). For glycerol gradient analysis and BN-PAGE, cells were
suspended in 50 mM HEPES-KOH (pH 7.6), 1 mM MgCly, 1 mM DTT and
2 mM ATP. Total cell lysates were prepared by vortexing with glass beads using
a Multibeads shocker (Yasui Kikai) and cleared by centrifugation at 20,000 » g
for 10 min at 4 °C.

Detection of polyubiquitinated p Cells were susp 1 in 200 ml of

cold ethanol containing 2 mM PMSE. Cells were lysed by agitation with 200 ml

of glass beads for 10 min. Cells lysates were dried and suspended in sample

buffer for western blotting. The primary antibody was anti-ubiquitin antibody

(Chemicon), and the Jary antibody was anti-mouse IgG-horseradish
h)

id, Tacl 1, o
p {

Coimmunoprecipitation of tagged proteins. For Figure 2e, cell lysates from
YT145 (Dmpl-3xFlag) and YT212 (Dmpl-3»Flag and Dmp2-3xHA) cells
were mixed with anti-HA antibodies and incubated for 2 h, after which protein
G-Seph beads (GE Healthcare) were added and the mixture was incubated
for 1 h (left) or cell lysates from YT211 (Dmp2-3xHA) and YT212 (Dmpl-
3«Flag and Dmp2-3xHA) were mixed with anti-Flag M2 agarose beads
(Sigma) and incubated for 2 h. Then, immunoprecipitates were eluted in lysis
buffer containing 200 pg mi™' 3xFlag peptides (Sigma; right).

Glycerol gradient analysis. Cell extracts (2 mg of protein) were separated into
32 fractions by centrifugation (22 h, 100,000 x g} in B-329% (v/v) glycerol linear
gradients as described previously®.

Binding assay. In vitro labeling was carried out using the TNT T7 Quick for
PCR DNA system (Promega) with **S-labeled methionine, according to the

in E coli and purified with glutathione-Sepharose beads. The GST-Dmpl-
Dmp2-bound beads were added to the labeling mixture and incubated on ice
for 1 h. The resulting products were washed with PBS containing 0.5% (v/v)
Triton X-100 and eluted using 50 mM Tris-HCl (pH 8.0), 50 mM NaCl, | mM
EDTA, | mM DTT and 10 mM glutathione. The cluates were separated by
SDS-PAGE and visualized using

Assay of activity. Peptidase activity was d using a fluore-
mmmmuu,mmmmww?wmmmn
(Suc-LLVY-AMC), as descrit sdy’. A low conc of SDS
(0.025% (ufr)}wuun\iumaﬁcnlxuvnorn(ms proteasomes that
are usually latent in cells.

Induction of Dmp2 by galactose. YT59 (GALIp-DMP2, a6-HA) and YT597
(GALIp-DMF2, Admp], af-HA) cells were grown overnight in 1.5 ml of YPD
medium and then cultured in 10 ml of YPG medium to induce the expression
of DMP2 under the GAL! promoter. After incubation for 4 h or 8 h, cells
were harvested and total cell lysates were subjected to BN-PAGE and
immunoblotting with anti-HA antibodies or SDS-PAGE and immunoblotting
with anti-Dmp2 antibodies.

Crystallization and data collection. Protein exp and purification were
carried out as described in the Supplementary Methods. Crystallization of the
Dmp1-Dmp2 complex was performed using the hanging-drop vapor diffusion
method after mixing 3 yl of protein solution (20 mg mi™') and 1 p of reservoir
solution containing 25 mM MES (pH 6.5), 50 mM KH;PO, and 16% (wlv)
PEG8000. The selenomethionine (SeMet) crystals were grown at 20 °C by
mixing 2 pl of protein solution and 2 il of reservoir solution containing 0.1 M
HEPES (pH 7.0) and 4.1 M NaCl. The Dimpl-Dmip2 Aloop-a5 crysals were
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prepared using 0.1 M Tris-HCI (pH 8.5), 8% (v/v) ethylene glycol and 12%
(wiv) PEGBO00. PAC3 was crystallized using the hanging-drop vapor diffusion
method afier mixing 2 ul of protein solution with 2 pl of reservoir solution
containing 0.1 M Tris-HQ (pH 8.5), 0.2 M MgCQl; and 30% (w/v) PEG4000.
SeMet PAC3 was similarly crystallized except that the pH was adjusted to 5.1,

Diffraction data sets for wild-type and SeMet Dmpl-Dmp2 as well as
Dmp1-Dmp2 Aloop-a5 were collected at 100 K on beamline BL44XU (SPring-
B). The diffraction data for native PACY and the SeMet derivative were collected
using a Rigaku FR-E X-ray generator and a Rigaku R-AXIS V11 detector. Data
processing and reduction were carried out with the DENZO/SCALEPACK™,
The crystal forms of wild-type Dmpl-Dmp2, SeMet Dmpi-Dmp2, Dimpl-
Dmp2 Aloop-5 and PAC3 belong to the P3,, P6,22, P2;2,2, and P432,2 space
groups, respectively. Data collection, phasing and refinement siatistics are
summarized in Table 1.

Structure determination and refinement. The structure of the Dmpl-Dmp2
complex was determined using multiwavelength anomalous diffraction (MAD)
and SeMet proteins. The positions of heavy atoms were obtained using

4 Chen P & H M. Bi and funclion of the yeast 208
proteasome. EMBO J. 14, 2620-2630 (1995).
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SHELXD® and refined with SHARP™. Initial MAD phases were ded to
3.6 A and improved with solvent flattening and histogram mapping using
DM®, The structure of wild-type Dmpl-Dmp2 was determined by molecular
replacement using MOLREP*® with SeMet Dmp 1-Dmp2 as a search model, An
initial model was built using ARP/wARP*!, Manual building was then carried
out using the program COOT™ and alternated with several cycles of refinement
using the program REFMACS (ref. 33).

The structure of Dmpl-Dmp2 Aloop—a5 was determined using the mole-
mwmmuomﬂ'uﬂuamnmdmthmd
5 (PDB ID code IRYP). The PAC3 structure was solved using the single-
Mhmnﬂomd;ﬁzﬂm(&d\mmahodmdlhmmlsm
MSHARPM;IMN&M;NI‘MIRIW:NMI There
are no residues in disallowed regions of the Ramach
figures were generated using MOLSCRIPT®, RASTER3D™, miccwmc"

Accession codes. Protein Data Bank: Coordi have been deposited under
accession numbers 2258 for Dmpl-Dmp2, 225C for Dmpl-Dmp2—a5 and
275E for PAC3,

Note: Suppl irefi ion is available on the Nature Structural & Molecular
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The 208 proteasome is the catalytic core of the 268
proteasome. It comprises four stacked rings of seven
subunits each, a;_,p;_sf_»2_;. Recent studies indicated that
proteasome-specific chaperones and fFsubunit appendages
assist in the formation of a-rings and dimerization of hali-
proteasomes, but the process involved in the assembly of
p-rings is poorly understood. Here, we clarify the mechan-
ism of p-ring formation on a-rings by characterizing
assembly intermediates accumulated in cells depleted of
each f-subunit. Starting from P2, incorporation of f-sub-
units occurs in an orderly manner dependent on the
propeptides of 2 and p5, and the C-terminal tail of p2.
Unexpectedly, hUmpl, a chaperone functioning at the
final assembly step, is incorporated as early as 2 and is
required for the structural integrity of early assembly
intermediates. We propose a model in which p-ring
formation is assisted by both intramolecular and extrinsic
chaperones, whose roles are partially different between
yeast and mammals.

The EMBO Journal (2008) 27, 2204-2213, doi:10.1038/
emboj.2008.148; Published online 24 July 2008
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Introduction

The ubiquitin-proteasome system is the main pathway for
ATP-dependent non-lysosomal degradation of intracellular
proteins in eukaryotes (Coux et al, 1996; Baumeister et al,
1998). Protein degradation achieved by this system is
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involved in various cellular processes, including cell
cycle regulation, stress response, intracellular signalling,
transcription regulation, and acquired immunity (Glickman
and Ciechanover, 2002). Proteins involved in such regulatory
processes as well as damaged proteins are recognized by the
ubiquitin system and are marked for degradation by covalent
attachment of polyubiquitin chains. Polyubiquitinated pro-
teins are then recognized and degraded by the 265 protea-
some, a 2.5-MDa multisubunit protease.

The 265 proteasome is composed of a catalytic core
particle, called the 205 proteasome, bound at one or
both ends by a 195 regulatory particle. The 208 proteasome
is a cylindrical structure comprised of 28 subunits arranged
in four stacked seven-membered rings. Each ring contains
seven different subunits, whereby the two outer rings
are formed by non-catalytic «-type subunits, named al-u7,
and the two inner rings are formed by the B-type subunits,
p1-p7, three of which are catalytic (1, p2, and fS)
(Baumeister et al, 1998). Each of the 14 different proteins
occupies a defined position within the 205 proteasome
(Groll et al, 1997; Unno et al, 2002). Vertebrates encode
four additional catalytic P-subunits; three interferon-y-
inducible pli, p2i, and B5i and one thymus-specific pSt,
which are incorporated in place of their most closely related
f-subunits, thus forming distinct subtypes of proteasomes
with altered catalytic activities called immunoproteasome
and thymoproteasome (Tanaka and Kasahara, 1998; Murata
et al, 2007).

The integrity of the 208 proteasome is assured by correct
assembly of the 14 a-subunits and 14 f-subunits. All of the
active f-subunits as well as non-catalytic p6 and p7 are
synthesized with N-terminal propeptides, which are removed
autocatalytically at the final step of the assembly to expose
the catalytic threonine residues of B1, fi2, and pS. The N-
terminal active sites of f-subunits are on the inner surface of
the B-rings, whereas the C termini of B-subunits are on the
outer surface of the 208 proteasome (Groll et al, 1997), It has
been shown that efficient assembly of the 205 proteasome is
orchestrated by proteasome-specific chaperones such as
PAC] (Pbal or POCI1 in yeast), PAC2 (Pba2 or POC2 in
yeast), PAC3 (Pba3, Dmp2, or POC3 in yeast), PAC4 (Pba4,
Dmpl, or POC4 in yeast), hUmpl (also known as POMP,
proteassemblin in mammals and as Umpl in yeast), the
N-terminal propeptides of p-subunits, and C-terminal tails
of B-subunits, which provide specific subunit interactions
with cis- and trans-p-rings (Heinemeyer er al, 2004;
Ramos et al, 2004; Hirano et al, 2005, 2006; Murata, 2006;
Le Tallec et al, 2007; Li et al, 2007; Kusmierczyk et al, 2008;
Yashiroda et al, 2008).

Proteasome assembly proceeds through distinct assembly
intermediates. The earliest intermediate observed in mam-
malian cells is an o-ring that is comprised of all seven
a-subunits, a PAC1-PAC2 heterodimer, and a PAC3-PAC4
complex (Hirano et al, 2005, 2006; Le Tallec et al, 2007).
Both PAC1-PAC2 and PAC3-PAC4 are involved in the
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formation of a-rings. Recently, Pba3-Pba4 or Dmpl-Dmp2,
yeast orthologues of PAC3-PAC4, has shown to catalyse
correct subunit orientation of an a-ring (Kusmierczyk et al,
2008: Yashiroda et al, 2008). PAC1-PAC2 prevents non-pro-
ductive dimerization of «-rings. The a-ring serves as a scaf-
fold for the assembly of B-subunits, Another intermediate is
the 135 complex composed of one a-ring, unprocessed p2, p3,
B4, and (h)Umpl, both in yeast and mammals (Frentzel et al,
1994; Nandi et al, 1997; Li et al, 2007). Recent studies in yeast
showed that the addition of the other f-subunits except p7
form the subsequent intermediate referred to as a ‘half-mer’
precursor complex (Li et al, 2007; Marques et al, 2007). The
168 complex containing all the subunits and hUmp1 has been
described also in mammalian cells (Schmidtke et al, 1997;
Witt et al, 2000). A ‘half-proteasome’ is often used as
a general term for assembly intermediates containing
unprocessed B-subunits and (h)Umpl. Studies in yeast have
shown that dimerization of the half-mer is driven by the
propeptide of B5 and the C-terminal tail of P7, whose
incorporation into the half-proteasome is coupled with the
dimerization, where the role of Ump! is proposed to be an
assembly checkpoint factor that inhibits the dimerization
until a full set of B-subunits are recruited on the w-ring
(Ramos er al, 2004; Li et al, 2007). Removal of B-propeptides
and degradation of Umpl coincide with completion of pro-
teasome maturation, followed by degradation of PAC1-PAC2
(Ramos et al, 1998; Hirano et al, 2005). PAC3 is released from
the intermediates during the maturation process (Hirano
et al, 2006).

Several studies in yeast reported that the propeptides and
the C-terminal tails of certain B-subunits have important roles
in proteasome biogenesis. The propeptide of 5 is crucial for
the incorporation of B5 during proteasome formation and is
thus essential for life (Chen and Hochstrasser, 1996). The
propeptides of f1 and P2 are dispensable for cell viability but
are known to protect the N-terminal catalytic threonine
residue against N*-acetylation. In addition, mutants lacking
these two propeptides displayed modest defects in protea-
some biogenesis (Arendt and Hochstrasser, 1999). The
C-terminal tail of P2, which wraps around p3 within the
same f-ring, is also essential for proleasome biogenesis in
yeast (Groll et al, 1997; Ramos et al, 2004), The C-terminal
tail of B7, which is inserted into a groove between f1 and p2
in the opposite ring, also has an important function in
dimerization of half-proteasomes as well as stabilization of
active conformation of Bl (Groll et al, 1997; Ramos et al,
2004). In mammals, analysis of propeptides has been mainly
conducted in the context of immunoproteasome formation,
but there is little or no information on the C-terminal tails of
P2 and B7, whose location in the mammalian proteasome
closely resembles those of yeast f2 and B7 in the yeast
proteasome (Unno et al, 2002).

Here, we describe a series of biochemical experiments
employing RNA interference of each P-subunit, which re-
sulted in the accumulation of distinct assembly intermedi-
ates. By characterizing these intermediates, we clarified the
order of f-subunit incorporation on the a-ring. We also
assessed the roles of propeptides and C-terminal tails of
B-subunits in mammalian proteasome biogenesis, which
revealed that these appendages mostly function in a manner
similar to yeast counterparts but also displayed some
phenotypes not observed in yeast. Furthermore, we identified
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a novel function of hUmpl in stabilizing assembly inter-
mediate of proteasomes that has not been appreciated in
yeast.

Results

Ordered assembly of ji-subunits on a-ring

During the assembly pathway from the a-ring through the
half-proteasome, each p-subunit assembles on the a-ring. To
clarify the order of incorporation of P-subunits, we used
the strategy of small interfering RNA (siRNA)-mediated
knockdown of each f-subunit, which was expected to result
in arrest of the assembly process before the incorporation
of the targeted subunit and accumulation of a specific
intermediate.

The total level of the different subunits as well as protea-
some activity assessed by the peptide-hydrolysing activity of
HEK293T cells transfected with siRNA targeting each ji-sub-
unit or hUmpl was markedly reduced compared with those
of control cells, suggesting that the biogenesis of proteasomes
is severely impaired in each knockdown cell (Supplementary
Figure S1). Each cell extract was resolved by native PAGE,
followed by active staining or immunoblot analyses for
ab- and all f-subunits (Figure 1). Immunoblot for a6 revealed
accumulation of different complexes (molecular weight,
232-669 kDa) in each knockdown cell, as well as the normal
a-ring in control cells, which have been shown to be a distinct
assembly intermediate comprising all the seven a-subunits,
PAC1-PAC2, and PAC3 (Hirano er al, 2006) (Figure 1A).
Besides the major, fast-migrating band, a more slowly
migrating minor band was observed for each knockdown
cell except §2, 3, and hUmp! knockdown (Figure 1A).
Both the major and minor species did not show any
peptide-hydrolysing activity, which was observed only in
the complex of approximately 700-kDa, that is, 20S protea-
somes (Figure 1B), indicating that they are assembly inter-
mediates of 205 proteasomes.

Among the seven f-subunits, f2 was the first assembled
on the x-ring based on the finding that f2 was detected in all
the intermediates except for that in its own knockdown
(Figure 1D) and the intermediate that accumulated in fi2-
knockdown cells did not contain any p-subunit (Figure 1C-1,
lanes for B2 RNAi). The assembly of B3 followed that of p2;
B3 was detected in the intermediates observed in pl-, p4-, p5-,
p6-, and p7-knockdown cells, and thus the incorporation of
B3 should precede these subunits (Figure 1E). This view was
further confirmed by the fact that the intermediate in
B3-knockdown cells contained only B2 among the p-subunits
(Figure 1C-1, lanes for P3 RNAI). p3 assembly was followed
by B4 incorporation, which would result in the formation of
the 13S complex, comprising the «-ring plus p2, p3, and p4,
as suggested by the presence of 4 in the intermediate in
B1, p5, 6, and p7 knockdown (Figure 1F), consistent with
the previous reports that identified the 135S complex as a
distinct entity of proteasome precursors (Frentzel et al, 1994;
Nandi et al, 1997; Li et al, 2007).

B5 was the next P-subunit incorporated into the 13§
complex because B5 was detected only in the intermediates
in pl-, B6-, and P7-knockdown cells (Figure 1G). The
assembly of B6 followed that of PS, as evidenced by the
presence of 6 in the intermediates of p1 and p7 knockdown
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Figure 1 Accumulation of distinct assembly intermediates in each p-subunit knockdown cells. The cell extracts (40 pg) used in Supplementary
Figure S1 were scparated by native PAGE. Assembly intermediates were detected by immunobloiting using the indicated antibodies (A, C-1)
The bands corresponding to a-ring and the 20S proteasome as well as the locations of molecular size markers are depicted by arrowheads.
(B) The peptide-hydrolysing activity was assayed by active staining of the gel using Suc-LLVY-MCA in the presence of SDS. Note that the 265

proteasome did nol move inside the native PAGE gel.

(Figure 1H). p? was likely the last B-subunit incorporated
in the precursor proteasomes because B7 was not found in
any of the intermediate complexes (Figure 1) and because
the intermediate observed in p7-knockdown cells contained
all the B-subunits with the exception of p7 (Figure 1C-1, lanes
for f7 RNAI). The behaviour of P1 was rather elusive. The
intermediate in p1-knockdown cells contained p2, p3, pd, p5,
and p6 (Figure 1C-I, lanes for Bl RNAI), whereas Bl was
already included in the intermediates of p4, BS. P6.
and P7 knockdown (Figure 1C). The former observation
suggests that Bl was incorporated following P2, p3, p4,
B5, and P6, and that Bl is required for 7 incorporation.
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The latter observation suggests that the presence of 2 and
B3 is sufficient for the incorporation of Bl and that pl
can be incorporated anytime during the maturation pathway
from the complex containing both B2 and f3 through the
half-mer.

Association of PA28, HspS90, and Hse70 with 205
proteasome precursors

When the same panel was probed for PACI, the major
assembly intermediate bands were associated with PACI
(Figure 2A), which has been shown 1o be retained in the
proteasome precursor until the completion of the assembly
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Figure 2 Release of PAC3 is coupled with i3 incorporation. The same panels in Figure | were probed with anti-PAC1 (A) and -PAC3 (B)
antibodies. The arrow indicates PAC3 species dissoclated from proteasome precursors (B).

(Hirano et al, 2005). However, the slowly migrating minor
bands above the major bands did not contain PAC1, whereas
the composition of each major and minor bands in terms of
- and f-subunits is identical (Figures 1 and 2A). It is also
curious that the intermediate in p2-knockdown cells was
apparently larger than the a-ring (Figure 1A), although the
subunit composition is supposed to be identical to that of the
u-ring. To address the identity of these bands, we tested
whether PA28, PA200, Hsp90u«, and Hsc70, which have
been reported to be involved in proteasome biogenesis
(Schmidtke et al, 1997; Preckel et al, 1999; Fehlker et al,
2003; Imai ez al, 2003; Marques et al, 2007), associate with
the intermediates.

PA28 was associated with the slow-migrating minor bands
but not with the primary bands, different from PAC1 and
Hsp90u, which were detected only in the major bands
(Supplementary Figure S2A and B). Hsc70 was observed in
both the major and the minor bands (Supplementary Figure
2C). Neither Hsp90x nor Hsc70 was detected in the a-ring. By
contrast, PA200, whose yeast orthologue Blm10 was shown to
associate with nascent proteasomes (Fehlker et al, 2003;
Marques et al, 2007), was not observed in the intermediates,
whereas its association with 205 proteasomes was detected
(Supplementary Figure S2D, arrowhead). However, we can-
not conclude that PA200 is not bound to assembly intermedi-
ates as free forms of PA200, which probably dissociated from
205 or nascent proteasomes during native PAGE analysis,
were found (Supplementary Figure 52D, arrow).

The association of Hsp90 and Hsc70 with the assembly
intermediates accounts for the increased size of the inter-
mediate in p2-knockdown cells and suggests that recruitment
of these chaperones precedes B2 and hUmp! incorporation.
The minor bands are characterized by the association of
PA28, a 200-kDa heterohexameric complex. At present, we
do not know whether these molecules really have some
functions in the proteasome biogenesis or are associated
with the intermediates as an experimental artefact. Further
studies are needed to answer this question.

Release of PAC3 upon incorporation of 3
We previously showed that precursor proteasomes purified
with tagged hUmp! did not contain PAC3 and demonstrated
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that PAC3 is released during the maturation pathway of the
mammalian proteasome (Hirano et al, 2006). To elucidate the
step where PAC3 was released, we took advantage of the
knockdown experiments in which distinct assembly inter-
mediates accumulated depending on which B-subunit was
targeted (Figure 1).

The same panel in Figure 1 was probed with anti-PAC1 and
PAC3 antibody. All the assembly intermediates as well as the
x-ring were associated with PACI (Figure 2A) (Hirano et al,
2005). PAC3 is also associated with the a-ring in control cells
as reported previously (Hirano er al, 2006). However, PAC3
was associated with intermediates of p2-, #3-, and hUmpl-
knockdown cells but not with those of others, where PAC3
was found as fast migrating species, presumably as a free
complex (Figure 2B, arrow). Considering the order of incor-
poration of B-subunits shown in Figure 1, the release of PAC3
is apparently coupled with the incorporation of p3.

A new role of hUmp1 in the assembly pathway

One intriguing difference in the phenotypes of loss of Umpl
orthologues between yeast and mammals is that knockdown
of hUmp1 in mammalian cells did not result in the accumula-
tion of intermediates containing unprocessed B-subunits
(Figure 1, lanes for hUmpl RNAi), whereas deletion of
Umpl in yeast caused apparent accumulation of such inter-
mediates (Ramos et al, 1998). This observation in hUmpl-
knockdown cells has also been shown in previous studies
(Hirano et al, 2005, 2006). This finding raises the possibility
that the role of Umpl orthologues is different between yeast
and mammals.

To determine the step at which hUmpl is incorporated, the
same panel in Figure | was probed with anti-hUmpl anti-
body. hUmp1 was included in a complex other than that in
p2-knockdown cells (Figure 3A), indicating that the incor-
poration of hUmpl precedes that of 3. On the other hand,
the intermediate in the hUmpl knockdown complex did not
contain any of the B-subunits, including 2, a finding closely
resembling that in p2-knockdown cells with regard to size
and composition (Figures 1 and 2; compare lanes for B2 RNAi
to lanes for hUmpl RNAI). These results suggest that incor-
porations of p2 and hUmp! are coupled with each other and
that loss of either result in dissociation of the other.
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