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To confirm this concept, hUmpl was knocked down
concurrently with B2, B3, or P4, and the resultant
assembly intermediates were compared with those in p2,
B3, or B4 single-knockdown cells. Intriguingly, the size
of intermediates observed in the simultaneous knockdown
of hUmpl with B3 or p4 was similar to that of the complex
in P2 single-knockdown cells (Figure 3B). Notably, the
intermediate found In P3-hUmpl double-knockdown cells
lacked f2 (Figure 3C), which was found in the complex of 3
single-knockdown cells (Figure 1D). The p4 and hUmpl
double knockdown was associated with loss of both 2 and
B3 in the intermediate (Figure 3C and D), which were clearly
detected in the p4 single knockdown complex (Figure 1D and
E). Furthermore, the complexes manifested in the double
knockdown cells were associated with PAC3, consistent with
the absence of #3, whose incorporation would detach PAC3
from the precursor proteasome (Figures 2B and 3E).

To gain mechanistic insight into the early function of
hUmpl, we tested the interactions between hUmpl and
each 20S proteasome subunit. hUmpl could directly bind to
B2 and P3 as well as some of the w-subunits (a2, a3, o5, and
27) (Figure 3F). This observation raises the possibility that
hUmpl, either alone or as a complex with p2 and p3, is
recruited on the o-ring through direct interaction between
hUmp] and certain «-subunits.

Taken together, these results demonstrate that 2 Is unable
to associate with the a-ring without hUmpl and suggest the
important role of hUmpl in promoting the maturation
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Figure 3 Role of hUmp]1 in the structural integrity of early assembly intermediates. (A) The same panel in Figure | was probed with anti-
hUmpl antibody. (B-E) Extracts of HEK293T cells transfected with the indicated combinations of siRNAs were separated by native PAGE.
Intermediate complexes were detected by immunoblotiing using the indicated antibodies. The left lane representing 7 RNAI serves as a
positive control for immunoblotting (C, D). Asterisks indicate nonspecific bands (A). (F) Flag-hUmp1 and each 205 subunit were co-translated
and radio-labelled in reticulocyte lysates, immunoprecipitated with M2 agarose, and analysed by SDS-PAGE and autoradiography. ‘ALL
represents co-translation of all p-subunits together with hUmpl.
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process beyond the a-ring, either by stabilizing the complex
or by recruiting p2.

Propeptides of §1, p6, and 7 are dispensable for
proteasome maturation
It has been reported that the propeplides and C-terminal tails
of f-subunits have important roles in proteasome biogenesis
in yeast (Chen and Hochstrasser, 1996; Ramos et al, 2004; Li
et al, 2007; Marques et al, 2007), but little is known about
their roles in the maturation of proteasomes in mammals.
To elucidate the role of propeptides of p1, f2, p5, p6, and
B7, and the C-terminal tails of p2 and B7 in mammals, we first
established cell lines stably transfected with constructs
encoding wild-type subunits (p1*, p2*, p5*, p6*, and p7*),
mature subunits whose propeplides were replaced with ubi-
quitin (B1*Apro, B2*Apro, B5* Apro, 6*Apro, and f7*Apro),
and f2 and f7 lacking their C-terminal tails (p2*Atail and
B7*Atail) (Supplementary Figure S3A). Synonymous muta-
tions were introduced into these constructs so that they were
not sensitive to siRNAs against each P-subunil used in
Figure 1. These constructs were aitached with C-terminal
Flag tag to distinguish the expressed proteins from endogen-
ous proteins. We first confirmed the expression of both
precursor and mature forms of f-subunits in HEK293T cells
transfected with constructs encoding wild-type and Atail
B-subunits (Supplementary Figure 53B). On the other hand,
as expected, only mature forms of f-subunits were detected
in cells transfected with ubiguitin-fused Apro constructs
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Figure 4 Both the propeptide and C-terminal 1ail of B2 are indispensable for B3 incorporation. Stable cell lines expressing the Indicated mutant
pB2-subunits were treated with the siRNA targeting endogenous $2. Intermediate complexes were detected by immunoblotting using the
indicated antibodies following native PAGE (A-D). Intermediates observed in p2*ATail cells can be divided into two species; faster migrating
ones (arrowheads) and slower migrating ones (vertical bars). The free complex of PAC3 is depicted by an arrow (D).
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Figure 5 5 propeptide is required for 6 incorporation. Stable cell lines expressing the indicated mutant fi5-subunits were treated with the
SiRNA(s) for endogenous (5 or i6 (A-D), or for the indicated combinations (E, F). Cell extracts were resolved by native PAGE, followed by
Immunoblot analysis for the indicated antibodies.

(Supplementary Figure S3B). These ubiquitin-fused proteins A Bant-af B Banti-Flag(7) C IBantip7
are known to be cleaved rapidly by cellular deubiquitinating 0

enzymes to generate free ubiquitin and the mature moiety of d%" ,('3:(;‘& C.F;‘.“ fﬁ‘;{r& fﬁ‘é ,fi;?#
the proteasome subunit, so that the exposure and integrity of e b '*

the N-terminal residue are ensured (Chen and Hochstrasser, - |

1996; Arendt and Hochstrasser, 1999; Jager et al, 1999). . “ i

siRNA-mediated knockdown of endogenous subunits in el 54 4+ ?3

these cells allowed us to determine the precise roles of hledad.i

propeptides and C-terminal tails. a-Ring M

Expression of constructs encoding each wild-type subunit
(p1*, p2*, B5°*, P6*, and B7*) restored production of 208
proteasomes and rescued cells from death caused by siRNA
treatment (data not shown), verifying that exogenously ex-
pressed constructs worked appropriately (Figures 4A, 5A and

Figure 6 C-terminal tail of B7 is essential for the tmnrpnra!iorl_ of

6A; Supplementary Figures S4 and S5). Among the Apro
constructs, cells expressing f1*Apro, P6*Apro, and
B7*Apro grew apparently normal and produced 20S protea-
somes at an amount comparable to wild-type expressing cells
(Supplementary Figures 54 and S5; Figure 6A). These find-
ings indicate that the propeptides of p1, p6, and p7 are not
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B7 and dimerization of half-mers. Stable cell lines expressing
the indicated mutant P7-subunits were treated with siRNA
targeting endogenous f7. Cell extracls were resolved by native
PACE, followed by immunoblot analysis using the indicated
antibodies. The free form of p7*Atail is depicted by an arrow
(B). The ‘half-mer’ assembly intermediates are depicted by
arrowheads (A, C).
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prerequisite for proleasome maluration in mammals, similar
to the results in yeast. On the other hand, cells expressing
p2*Apro, p5*Apro, p2*Atail, and p7*Atail were non-viable
in the absence of their endogenous counterparts (data
not shown), suggesting the indispensable roles of these
propeptides and C-terminal tails in proteasome biogenesis
in mammals.

Both the propeptide and C-terminal tail of p2 are
required for incorporation of p3

To clarify the role of the propeptide and C-terminal 1ail of p2,
extracts resolved by native PAGE were probed with several
antibodies (Figure 4). B2*Apro- and P2*Atail-expressing
cells showed accumulation of intermediates that included
a6 and B2, indicating that p2 propeptide and p2 tail are not
required for the incorporation of B2 itself (Figure 4A and B).
However, these intermediates did not contain 3 (Figure 4C),
suggesting that the assembly pathway is arrested before
B3 incorporation and that both P2 propeptide and B2 tail
are required for the incorporation of p3. PAC3 was also
found in the intermediates in P2*Apro cells and the faster
migrating intermediates in p2*Atail cells (indicated by
an arrowhead), consistent with lack of P3 (Figure 4D).
However, the slower migrating intermediates in p2*Atail
cells (indicated by the bar) did not include PAC3
(Figure 4D), These species did not coentain any B-subunits
other than p2Atail (Supplementary Figure 56}, precluding the
possibility that loss of B2 tail and PAC3 causes disordered
incorporation of B-subunits. Rather, it is likely that they
represent either aggregation of intermediates or association
of other molecules, which would be prevented in the
presence of B2 tail or PAC3.

p5 propeptide is required for incorporation of 6 but not
hUmp1-dependent proteasome maturation

Next, we examined the role of B5 propeptide. As expected
from its lethality, B5*Apro-expressing cells could not produce
mature 205 proteasomes but showed accumulation of an
intermediate that included «6 and BS, indicating that ps
propeptide is not essential for the incorporation of p5 itself
(Figure SA-C). This intermediate did not contain the next
subunit 6 (Figure 5D) and represented the same size as the
intermediate observed in p6-knockdown cells (Figure SA and
B), suggesting that B5 propeptide is required for the incor-
poration of B6 in mammalian cells,

In yeast, deletion of BS propeptide, which is fatal, was
rescued by concomitant loss of Ump1, suggesting the role of
35 propeptide in Umpl-dependent maturation of the yeast
proteasome (Ramos et al, 1998). In the next series of
experiment, siRNAs for both hUmp1 and p5 were transfected
into p5"Apro-expressing mammalian cells. Unlike the
observation in yeast, however, simultaneous loss of B5
propeptide and hUmpl was still lethal in mammalian cells,
with the accumulation of an intermediate closely resembling
to that observed in hUmpl single-knockdown cells that
did not contain p5* (Figure 5E and F). Although these results
do not exclude the checkpoint function of hUmpl as
proposed in yeast Umpl (Li et al, 2007), they confirm the
important role of hUmpl in the integrity of early assembly
intermediates, which is a function independent of f5
propeptide,
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Importance of C-terminal tail of 7 for stable
incorporation of j7

B7* Apro-expressing cells grew normal, incorporated p7*, and
produced 205 proteasomes similar to wild-type B7"-expres-
sing cells (Figure 6A-C). However, deletion of the C-terminal
tail could not rescue loss of endogenous B7, and the cells
could hardly produce 205 proteasomes (Figure 6A-C). In
these cells, B7* Atail failed 1o be incorporated in the assembly
intermediates, presumably half-mers (Li et al, 2007), as
suggested by the similar size as those in B7-knockdown
cells and by the presence of p6 (Figure 6A and C, arrow-
heads) and accumulation of p7*Atail as a free subunit
(Figure 6B, arrow). These observations indicate that the
C-terminal tail, which directly associates with the trans-
B-ring, is essential for lts stable incorporation into
proteasomes and supports the model where p7 incorporation
is tightly coupled with dimerization of half-mers, thus
forming 208 proteasomes, as proposed in previous reports
in yeast (Li et al, 2007, Marques et al, 2007).

Discussion

In the present study, we investigated in detail the assembly
pathway of mammalian 205 proteasome and found a strictly
ordered B-subunit incorporation, which was supported by
propeptides of certain p-subunits. Starting from recruitment
of p2 and hUmp] on the a-ring, the adjacent p-subunit within
the same B-ring, except fl, appears 1o assemble one after
another, 7 being the last subunit whose incorporation is
tightly coupled with dimerization of half-mers (see the model
{llustrated in Figure 7). This view is also supported by the
observation that the size of the assembly intermediate in each
knockdown cells increased as the maturation process pro-
ceeded (Figure 1A). The order of the f-subunit recruitment
clarified in this study is entirely consistent with previous
findings where [-subunits were separated into two cate-
gories; P2, P3, and P4 as ‘early’ subunits and others as
‘late’ subunits (Heinemeyer et al, 2004). In both yeast and
mammals, the 135 complex comtaining p2, f3, p4, and
(h)Umpl was observed as a distinct assembly intermediate,
suggesting that the following step, that is, incorporation of
5, is one of the rate-limiting steps in proteasome biogenesis.
This may account for the intriguing observation that sole
overexpression of B5S in mammalian cells increased the
amount of assembled proteasomes (Chondrogianni er al,
2005). Although our data imply a stepwise addition of
B-subunits on the c-ring, we cannot preclude the possibility
that some B-subunits are incorporated as a group, for exam-
ple as a f2-p3-f4-hUmpl complex, under normal conditions
as we observed intermediate species that can be seen only
when a certain f-subunit is depleted.

Bl appears to be the last but one incorporated during
proteasome assembly, which is a prerequisite for B7 incor-
poration., However, i1 can also be incorporated earlier than
B4, BS, and B6 in the absence of these subunits, whereas the
other subunits are assembled in a manner strictly dependent
on the preceding incorporation of the neighbouring subunit.
Although such pl-containing intermediates might be artefacts
under non-physiological situations, this recalls the early
assembly intermediate observed during immunoproteasome
biogenesis, which contains pli, p2i, p3, and p4 (Nandi et al,
1997). B1i is incorporated into the precursor earlier than pl,
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Figure 7 A model for f-ring formation in mammalian 20S proteasome assembly. The roles of PAC1-PAC2 and PAC3 in the formation of x-rings
were described previously (Hirano et al, 2005, 2006). PAC4 was recently identified as a heterodimeric partner of PAC3 (Le Tallec er al, 2007).
Sequential incorporation of p-subunits starts from the association of p2 and hUmp! on the x-ring. hUmp! Is required for the association of f2
in the early assembly intermediates. PAC3-PAC4, whose release Is coupled with association of B3, holds the structural integrity of the
intermediates until 3 is incorporated on the a-ring. Subseq orderly incorporation of other [}-subunits is also assisted by intramolecular
chaperones such as the propeptides of i2 and fi5 and the C-terminal tail of p2. Although 1 can be incorporated at various steps (dotted lines),
such incorporation most likely follows that of p6. Dimerization of half-mers is assisted by the C-terminal ail of B7. This is followed by remaval
of B-subunit propeptides (1, p2, pS, P6, and 7) and hUmp degradation. Essential propeptides, non-essential propeptides, and essential
C-terminal tails of B-subunits for mammalian 205 proteasome blogenesis are depicted in red, blue, and vellow, respectively. See text for more

details,

which has an important function in the immunoproteasome
assembly (Griffin et al, 1998).

In the present study, we identified several new roles for
the propeptides and the C-terminal tails of mammalian
B-subunits that have not been appreciated in those of yeast
B-subunits. The propeptide of yeast B2 is dispensable for
efficient proteasome biogenesis (Arendt and Hochstrasser,
1999), but that of mammalian p2 contributes to the recruit-
ment of its neighbouring subunit B3 (Figure 4). The propep-
tide of yeast B5 is reported to be required for its own
incorporation (Chen and Hochstrasser, 1996), whereas that
of mammalian BS was not; instead, its loss caused failure of
Pé recruitment (Figure 5). The role of the C-terminal tail of
mammalian B7 appears to be quite similar to that of yeast p7,
but it proved to be an essential component in proteasome
biogenesis, unlike yeast p7 (Figure 6).

Our study also clarified the sequences leading to
hUmpl incorporation and release of PAC3 from proteasome

©2008 European Molecular Biology Organization

precursors. Incorporation of hUmpl was as early as that of
P2, the first f-subunit assembled on the a-ring. In the early
assembly intermediates, hUmp1 unexpectedly had an impor-
tant function in the association of B2 with the precursor
proteasomes and proved to be a prerequisite for the assembly
of p-subunits on the a-ring (Figures 3 and 7). This function is
not appreciated for yeast Ump1, which regulates dimerization
of half-proteasomes and maturation of 205 proteasomes,
presumably by acting as a checkpoint protein (Ramos et al,
1998; Li er al, 2007). As the phenotype of loss of hUmpl
emerged at a stage upstream of the dimerization, we are
uncertain whether hUmpl in mammalian cells also has a
function similar to that in yeast.

In a previous study, we showed that PAC3 was scarcely
included in the complex purified by a tag attached 1o hUmp1
(Hirano et al, 2006). In the present study, we clarified that
PAC3 release was coupled with association of B3 with the
assembly intermediate. This observation is consistent with

The EMBO Journal VOL 27 | NO 16 | 2008 2211
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the recent study showing that Dmp1-Dmp2, yeast orthologue
of PAC3-PAC4, was copurified with 2, but not with other
f-subunits (Yashiroda et al, 2008). Therefore, a complex
containing both hUmpl and PAC3, together with B2, is
assumed to be present during the maturation pathway, and
such a complex was indeed observed in f3-knockdown cells
(Figure 1). As PAC3 is known to bind directly 1o B3 in vitro
(Hirano et al, 2006), it may be argued that PAC3 facilitates the
incorporation of §3, which might induce a conformational
alteration of the assembly intermediate to release PAC3.
Because PAC3 is also required for efficient «-ring formation
(Hirano et al, 2006), we could nol detect accumulation of an
intermediate before the incorporation of B3 in PAC3-knock-
down cells, such as a complex comprising a-ring and 2,
which would be expected to occur on the assumption that
PACS3 is required for 3 incorporation (Supplementary Figure
87). Although biochemical data both in yeast and mammals
indicated that PAC3 is replaced when 3 enter, a model
generated by superimposing Dmpl-Dmp2-a5 complex on
the yeast 20S proteasome suggested steric hindrance of
B4-subunit to Dmpl (Yashiroda et al, 2008). The precise
reason for this discrepancy is not clear at present. This may
be simply because the model, which was based on the
structure of Dmpl-Dmp2 determined in the absence of
a-ring, does not represent bona fide structure of assembly
intermediates. Further studies should be required for
understanding the role of PAC3 in B-subunit incorporation.

Recently, the proteasome-specific inhibitor bortezomib
was used clinically in refractory multiple myeloma, and a
clinical trial of this agent in other malignant neoplasms is
currently underway (Adams, 2004). Accordingly, the protea-
some is now recognized as a potent target for cancer therapy
(Adams, 2004). Assuming that inhibition of proteasome
biogenesis is also beneficial in cancer therapy, it is important
to understand the detailed mechanism of mammalian protea-
some biogenesis. Our results could provide the foundation for
the design and development of novel anticancer drugs that
larget proteasome biogenesis.

Materials and methods

DNA constructs

The cDNAs encoding p-subunits and those derivatives were cloned
imto pIRESpuro3 (Clontech] in frame with a C-terminal Flag tag. To
make constructs for P-subunits resistant to siRNAs, synonymous
mutagenesis in RNAI targeting sequences was performed using the
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QuikChange site-directed mutagenesis kit (Stratagene). Plasmids
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constructed by fusing human ubiquitin cDNA to the 5' end of the
cDNAs encoding mature forms of the corresponding subunits, In
P2*Awail and p7*Atail, sequences encoding amino acids 244-277
and 248-264 were deleted, respectively. PCR was performed using
Phusion DNA polymerase (Finnzymes), and all constructs were
confirmed by sequencing.

Cell culture

HEK293T cell lines were cultured in Dulbecco's modified
Eagle's medium (Sigma), supplemented with 10% fetal calf serum,
1001U/ml penicillin G, 100 ug/ml streptomycin sulphate (all from
Invitrogen). Stable transfection of HEK293T cells was performed
using Fugene 6 (Roche), and the cells were selected with 5 ug/ml of
puromycin (Sigma).

Protein extracts, immunological analysis, and antibodies
Cells were lysed in an ice-cold lysls buffer (50 mM Tris-HC] (pH
7.5), 0.5% (v/v) NP-40, 1 mM dithiothreitol, 2mM ATF, and 5mM
MgCl;) and the extracts were clarified by centrifugation at 200008
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(Invitrogen)) and native PAGE (7% Tris-acetate gel (Invitrogen))
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p6 (P93199), and PA28x polyclonal antibodies were described
previously (Tanahashi et al, 2000; Hirano et al, 2006). Antibodies
against proteasome x6 (MCP20), Bl (MCP421), p2 (MCP168), p3
(MCP102), B7 (MCP205), and PA200 were purchased from BioMol.
Anti-Hsp90x and anti-Hsc70 were obtained from MBL. Antl-FLAG
M2 antibody was from Sigma.

RNA interference

The siRNAs targeting human f-subunits and hUmpl (Supplemen-
tary Table 51) were transfected into HEK293T cells using Lipofecta-
mine RNAi MAX (Invitrogen) at a final concentration of 50nM in
six-well dishes twice at a 12-h interval. The cells were analysed 24 h
after the second transfection.

Supplementary information
Supplementary data are available a1 The EMBO Journal Online
(http://www.embojournal.org)
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