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Nas2 Protein Causes the Formation of Faulty Proteasomes
That Are Inhibited by Ecm29 Protein™
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Background: The 66 subunits of the proteasome do not assemble spontaneously but require chaperones.
Results: The chaperone Nas2 binds to the tail of the proteasome subunit Rpt5, and mutating the tail causes an enrichment in

proteasomes associated with Ecm29.
Conclusion: Ecm?29 inhibits proteasomes.

Significance: Ecm?29 functions as a quality control for proteasome assembly by recognizing faulty proteasomes.

The proteasome is a large and complex protease formed by 66
polypeptides. The assembly of the proteasome is assisted by at
least nine chaperones. One of these chaperones, Nas2/p27,
binds to the C-terminal region of the AAA-ATPase Rpt5. We
report here that the tail of Rpt5 provides two functions. First, it
facilitates the previously reported interaction with the protea-
some core particle (CP). Second, it is essential for the interaction
with Nas2. Deletion of the C-terminal amino acid of Rpt5 dis-
rupts the CP interaction, but not the binding to Nas2. The latter
is surprising considering Nas2 contains a PDZ domain, which is
often involved in binding to C termini. Interestingly, deletion of
the last three amino acids interferes with both functions. The
disruption of the Rpt5-CP interactions gave distinct phenotypes
different from disruption of the Nas2-Rpt5 interaction. Addi-
tionally, proteasomes purified from a Saccharomyces cerevisiae
rpt5-A3 strain show a strong enrichment of Ecm29. The func-
tion of Ecm29, a proteasome-associated protein, is not well
understood. Our data show that Ecm29 can inhibit protea-
somes, because our Ecm29-containing proteasomes have
reduced suc-LLVY-AMC hydrolytic activity. Consistent with
this apparent role as negative regulator, the deletion of ECM29
rescues the phenotypes of rpt5-A3 and nas2A in an hsm3A back-
ground. In sum, the interactions facilitated by the tail of Rpt5 act
synergistically to minimize the formation of faulty proteasomes,
thereby preventing recognition and inhibition by Ecm29.

The proteasome is a large and complex molecular machine.
It is responsible for the ATP-dependent degradation of the
majority of soluble cellular proteins destined for degradation in
eukaryotic cells. It can biochemically be divided in two major
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subcomplexes, the core particle (CP)* and the regulatory parti-
cle (RP). The CP is formed by four stacked rings, each consis-
ting of seven subunits. The middle rings are formed by 3 sub-
units, and the outer rings are formed by a subunits, creating an
o, _-B1_5-B1_5-a,_ structure. The proteolytic active sites are
located on the inner surface of this hollow cylinder (1). The
degradation of substrates requires the opening of a gate located
at either end of the CP. This gate can be opened by activators
such as the RP (1, 2). The degradation of folded proteins gener-
ally requires the presence of the RP. RP is a 19-subunit complex
that contains six AAA-ATPases. These ATPases form a ring
where each subunit occupies a specific position (3, 4). They are
important for unfolding substrates, opening the gate of the CP,
and substrate entry into the CP. At the outer surface of the CP
surrounding the gate are seven pockets, each located at the
interface between the « subunits. A number of these pockets
can receive the C-terminal amino acids (“tails”) of presumably
specific AAA-ATPases (5-7). However, the positioning of the
ATPase ring in respect to the CP a-ring is still unclear (3, 5, 7,
8). Docking of the tail of two different AAA-ATPases, namely
Rpt2 and Rpt5, can result in opening of the gate (5, 6). The tails
of Rpt4 and Rpt6 play an important role in the assembly of the
proteasome in yeast (9), whereas in humans the tails of Rpt5 and
Rpt3 seem to be important for assembly (10).

The efficient assembly of the proteasome requires a number
of chaperones. At least five chaperones assist in the assembly of
the core particle (1, 11). In addition to these, four chaperones
have been identified that are important for the formation of the
AAA-ATPase ring, known by their yeast/human names Hsm3/
PSMD5 (also called S5B), Rpn14/PAAF1, Nas2/PSMD?9 (also
called p27), and Nas6/PSMD10 (also called gankyrin) (12-16).
Each of these chaperones has been shown to bind to a specific
AAA-ATPase present in the RP; Hsm3 binds to Rptl, Nas2
binds to Rpt5, Rpnl4 binds to Rpt6, and Nas6 binds to Rpt3.
Although the chaperones lack sequence as well as structural
homology among one another, they all bind to the same C-ter-
minal region of their specific partner Rpt protein (13, 14, 16,

2 The abbreviations used are: CP, core particle; RP, regulatory particle.
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18). Our understanding of how these chaperones assist in
assembly at the molecular level is limited. As is typical for
chaperones, these proteins are not present on the final func-
tional complex, assembled proteasomes. The chaperones
have been suggested to directly facilitate assembly of neigh-
boring ATPases, provide stability, or bring subassemblies
together (4, 19). For Nas6, structural data and molecular mod-
eling in combination with experimental data suggest that there
is a steric hindrance preventing simultaneous binding of Nas6
and CP to Rpt3 (9, 14). Biochemical experiments suggest that a
similar property for Hsm3 and Rpn14 exists (9, 14). Thus, one
function of these chaperones might be to regulate the interac-
tions of the Rpt proteins with the CP (20). For Nas2, this has not
been studied in detail. Interestingly, Nas2 has a PDZ domain
(15). Because PDZ domains often bind to the C terminus of
proteins, binding of Nas2 might directly prevent docking of
Rpt5 to the CP (15).

Three other important regulators of proteasome in yeast that
have been implicated in proteasome assembly are Ubp6,
Ecm29, and BIm10. Each protein has a human ortholog; USP14,
KIAA0368, and PSME4 (also called PA200), respectively. Ubp6
is a deubiquitinating enzyme that binds to the proteasome and
regulates the degradation of ubiquitinated proteins (21). Inter-
estingly it has been identified in an RP assembly subcomplex (9,
16, 22), and recent data suggest that it plays an active role in
proteasome assembly (22). Blm10, like RP, binds to either end
of the CP and has been found associated with CP or in a hybrid
proteasome with CP and RP (23-25). Association of Blm10
with CP has been shown to increase suc-LLVY-AMC proteo-
lytic activity and is required for the degradation of specific sub-
strates (24, 26, 27). On the other hand, it also has a function in
assembly of the proteasome and has been observed in associa-
tion with immature CP (28 -30). Ecm29 is mainly found asso-
ciated with RP-CP or RP,-CP complexes. It has been shown to
stabilize proteasomes in the absence of ATP presumably by
binding to the CP as well as the RP (31, 32), suggesting it might
have a positive role in proteasome function. However, recent
publications describe Ecm29 as a chaperone or protein that
monitors the quality of assembled proteasomes (33—35). One of
these studies found Ecm29 associated with proteasomes that
lack the B3 subunit and have stalled CP maturation (33). How
Ecm?29 recognizes these proteasomes and how it regulates pro-
teasomes remains unclear.

In this study we show that Nas2 binds to the C-terminal tail
of Rpt5 but does not require the last amino acid of Rpt5 that is
essential for functional Rpt5-CP interaction. Although binding
of Nas2 to Rpt5 is likely to cause steric hindrance for the
Rpt5-CP interactions, our phenotypic analyses suggest that
Nas2 functions beyond regulating this interaction. In
rpt5-A3 cells, which are disrupted for the interaction
between Rpt5 and CP as well as Rpt5 and Nas2, we see a
strong increase in Ecm?29-associated assembled protea-
somes. These proteasomes seem to be compromised in their
functionality because they have reduced suc-LLVY-AMC
hydrolytic activity. Consistent with a role for Ecm29 as a
negative regulator, deletion of ECM29 rescues the pheno-
types observed in nas2A or rpt5-A3 backgrounds.
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EXPERIMENTAL PROCEDURES

Yeast Strains—See supplemental Table S1 for the genotypes
of strains used. Standard methods for strain construction and
cell culture were used. Plating assays were done as described
before, using 4-fold dilutions (14).

Plasmids and Antibodies—For the expression of GST-Nas2
in Escherichia coli, we cloned the open reading frame of Nas2
into a pGEX-6P1-derived plasmid, creating plasmid pJR500.
His-tagged full-length Rpt5 or His-tagged Rpt5 C-domain
(coding for amino acids 350 —434) were cloned into the pRSF-
Duet-1 plasmid (Novagen) for expression in E. coli, creating
plasmids pJR506 and pJR168, respectively. To express the trun-
cations of Rpt5 in E. coli plasmid, pJR506 was mutated such that
the last (pJR507) or last three codons (pJR508) before the stop
codon were deleted. Similarly, plasmid pJR168 was used to con-
struct deletions of the last (pJR509) or last three codons
(pJR510) of the C-domain. For the detection of His-tagged pro-
teins, we used THE® His tag monoclonal antibody (Genscript).
Ecm29 was detected using a Ecm29 polyclonal antibody, kindly
provided by Dr. Dan Finley (Harvard Medical School, Boston,
MA).

Proteasome Purifications and Native Gels—The affinity puri-
fication of Rpn11-TeV-protein A-tagged proteasomes was per-
formed as described before with minor modifications (36).
Briefly, between 1 and 6 liters of overnight cultures (Agyn =
~10) were spun down and washed in H,O, and a 2-fold pellet
volume of lysis buffer (50 mm Tris-HCI, pH 8, 1 mm EDTA, 5
mm MgCl,, 1 mm ATP) was added. The cells were lysed by
French press, and lysates were centrifuged at 12,000 rpm (SS34,
Sorvall) at 4°C for 25 min. The supernatant was filtered
through a cheese cloth, IgG beads (MP Biomedicals) were
added (~0.5 ml/liter of culture), and the lysate was rotated at
4 °C for 1 h. The IgG beads were collected in a Econo Column
(Bio-Rad) and washed with ice-cold wash buffer (50 column
volumes; 50 mm Tris-HCI, pH 7.5, 1 mm EDTA, 100 mm NaCl,
5 mm MgCl,, 1 mm ATP). Next, beads were washed with 15
column volumes of cleavage buffer (50 mm Tris-HCI, pH 7.5, 1
mMm EDTA, 1 mm DTT, 5 mm MgCl,, 1 mm ATP), followed by
cleavage in the same buffer containing His-tagged TeV prote-
ase (Invitrogen) for 1 h at 30 °C. Talon beads were added for 20
min at 4 °C to remove TeV protease, after which the prepara-
tion was concentrated in a 10-kDa concentrator (Millipore).
Proteasome preparations were stored at —80 °C. Proteasome
preparations were analyzed using standard SDS-PAGE or on
native gels prepared as described previously and run between 2
and 3 h at4 °C (37). Total lysates for analysis on native gel were
prepared as described previously (14).

Apyrase Treatment—The apyrase treatment of purified pro-
teasomes was performed as described previously with minor
modifications (31). Purified proteasomes were diluted in 50 mm
Tris-HCL, pH 7.5, 5 mm MgCl,, 1 mMm EDTA, and 0.25 mm ATP.
Samples were incubated for 45 min at 30 °C with or without
apyrase (20 milliunits ul ! working concentration). After treat-
ment proteasomes were analyzed using native gels.

Mass Spectrometry—CBB-stained gel pieces were excised
from native gel and proteins were digested with trypsin, fol-
lowed by a peptide extraction and nano-HPLC and electrospray
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ionization-MS/MS. Peptide masses were compared with Swiss
Prot Database using MASCOT 2.2. For more details see supple-
mental Table S2.

GST Pulldown Assay—GST-Nas2 and His-Rpt5, His-Rpt5-
A1, or His-Rpt5-A3 were overexpressed in E. coli at 30 °C for
3 h. The cells were harvested and resuspended in lysis buffer (20
mM Tris-HCI, pH 8.0, 100 mm NaCl, 1 mm EDTA, 1% Triton
X-100, and protease inhibitors). Lysates were prepared by
French press and cleared by centrifugation. Lysates of GST-
Nas2 and His-tagged proteins were mixed and incubated at 4 °C
for 1.5 h. Glutathione-Sepharose beads were added to the mix
and incubated at 4 °C for 30 min to bind GST-Nas2. The beads
were collected by centrifugation and washed three times with
lysis buffer. The samples were separated on SDS-PAGE for
analysis. For His-Rpt5 C domain series, GST-Nas2 and His-
tagged proteins were co-expressed in E. coli and purified as
above.

RESULTS

In Vitro Nas2-Rpt5 Binding—The proteasome contains six
ATPases (the Rpt proteins) that belong to the AAA-ATPase
family. AAA-ATPases typically have a C-domain (also called a
C-terminal domain) following the ATPase domain (38).
Because the C-domain is in the C-terminal region of the Rpt
proteins, it is generally considered to end at the C terminus (14,
16). However, crystal structure analysis of part of the archeal
homolog of the proteasomal ATPases, the proteasome-activat-
ing nucleotidase, show that the last 12 amino acids from the C
terminus are not structured (39). This suggests that these
amino acids, referred to as the C-terminal tail or tail, are highly
flexible and formally are not part of the preceding C-domain of
proteasome-activating nucleotidase. A flexible tail is in agree-
ment with the model that the tails of the Rpt proteins extend
and partially dock into pockets located on the CP (5-7,40). The
three C-terminal amino acids are tightly packed into the pock-
ets upon docking (7, 40). Thus, if binding of a chaperone
requires these amino acids, it would suggest that this chaperone
directly interferes with docking of the Rpt tail into the CP
pocket. For three of the four chaperones that bind to the C-do-
mains of their respective Rpt protein, namely Nas6, Hsm3, and
Rpnl4, the last three amino acids are not required for binding
to the C-domain (14). For the fourth chaperone, Nas2, two-
hybrid studies have shown an interaction with the C-domain of
Rpt5 (16). However, it is unclear whether this interaction
requires any of the amino acids at the C-terminal tail (20). Inter-
estingly, Nas2 consists largely of a PDZ domain (15, 16), and a
subset of PDZ domains has been shown to bind specifically to
the C terminus of their binding partners (41, 42). Consistent
with this, the tail of Rpt5 shows a consensus motif II sequence
for PDZ binding (Fig. 1, A and B). Moreover, docking of the C
terminus of Rpt5 into a pocket present on the CP surface results
in opening of the CP gate (5, 6). Therefore, mapping the precise
binding of Nas2 on Rpt5 potentially provides important
insights into the molecular mechanisms of assembly and pro-
teasome function.

We set up an in vitro binding assay to analyze the interaction
between Rpt5 and Nas2. Lysates expressing the indicated pro-
teins (Fig. 1C, right panel) were mixed and incubated with glu-
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tathione resin. His-tagged Rpt5 specifically co-purified with
GST-tagged Nas2, but not GST (Fig. 1C, left panel, first and
fourth lanes). To test whether the C-domain, including the tail,
of Rpt5 indeed binds to Nas2, we co-expressed GST-Nas2 or
GST with His-tagged Rpt5 C-domain, followed by a purifica-
tion using glutathione-resin (Fig. 1D, left panel, first and second
lanes). These data show that the C-domain of Rpt5, in agree-
ment with previous two-hybrid data (16), is sufficient for bind-
ing to Nas2. Our in vitro data also show that this is a direct
interaction between Nas2 and Rpt5.

Next, we tested the requirement of the amino acids at the C
terminus of Rpt5 for Nas2 binding. Deleting the last amino acid
(Ala, A1) or the last three amino acids (Phe-Tyr-Ala; A3) did not
change the expression level or solubility of His-tagged Rpt5 or
His-tagged Rpt5 C-domain in E. coli (Fig. 1, C and D, right pan-
els). Nonetheless, hardly any Rpt5-A3 co-purified with GST-
Nas2, whereas Rpt5-Al and Rpt5 readily co-purified with
GST-Nas2 (Fig. 1, C and D, left panels). These results indicate
that Nas2 depends on the C-terminal tail of Rpt5 for binding,
but not on the C-terminal amino acid.

The binding of Nas2 to Rpt5-Al is surprising, because the
deletion of the C-terminal amino acid of the Rpt5 eliminates the
class I binding motif at the C terminus of Rpt5 (Fig. 1, A and B).
However, this result is consistent with the absence of several
amino acids, referred to as the GLGF motif, in Nas2 (data not
shown). The GLGF motif is normally conserved in C terminus-
binding PDZ domains and involved in the binding of the C
terminus (42). Thus, although Nas2 binds very close to the
C terminus, it does not belong to the PDZ domains that bind C
termini.

Reduced Proteasome Activity in Rpt5 Mutants—The tail of
Rpt5 seems to provide two important functions. First, it is
involved in the binding of Nas2, suggesting that it has an impor-
tant role in the assembly of the proteasome. Second, part of the
tail docks into a pocket present in the proteasome CP. The
docking of the Rpt5 tail opens the CP gate and stabilizes
the CP-RP interaction (5, 6). When we compared total lysates
on native gel of wild type, rpt5-Al, and rpt5-A3 strains, we
observed an increase in free CP in the rpt5-Al and rpt5-A3
strains together with a decrease in the level of singly and doubly
capped proteasomes (Fig. 2). These observations can be
explained by the compromised CP-RP interaction in the
rpt5-Al and the rpt5-A3 strains. Because we observed in vitro
that the rpt5-A3 protein interacts poorly with Nas2 (Fig. 1), the
more severe reduction in 26S activity as observed for the
rpt5-A3 strain (Fig. 2, top panel, fourth lane versus fifth lane)
can most likely be contributed to the combined effect of a dock-
ing defect and an assembly defect. The latter was caused by the
disruption of the interaction between Rpt5 and Nas2. Alterna-
tively, the rpt5-A3 strain might show a more complete impair-
ment of the interaction with CP. However, both the rpt5-Al
mutation and the rpt5-A3 mutation are lethal in the rpn4A
background as determined by tetrad analysis (data not shown),
indicating that both the rpt5-Al and the rpt5-A3 strains are
severely compromised in an important role that the Rpt5 C
terminus performs in proteasome function. Rpn4 is a transcrip-
tion factor for proteasome genes and at the same time is
degraded by the proteasome, thereby providing an important
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A.  PDZ binding motif
class|: X-S/T-X-¥
class ll: X-v-X-¥
class lll: X-D/E/X-¥
B. Rpt1 - DKVISGYKKFSSTSRYMQYN
Rpt2 - QAKERVMKNKVEENLEGLYL
Rpt3 - EAYATQVKTDNTVDKFDEYK
Rpt4 - AVRKVAEVKKLEGTIEYQKL
Rpt5 - FVEGISEVQARKSKSVSFEFYA
Rpt6 - VGKVMNKNQETATISVAKLFK
C. Fulllength Rpt eqf’" Full length Rpt5
wt A1 A3 wt O@’\ oé\ wt Al A3
kDa «Da
58—
— His-Rpt5
46— — GST-Nas2 58 —
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— GST-Nas2
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FIGURE 1. Nas2 binds to the tail of Rpt5 independent of the C terminus. A, a subset of PDZ domain-containing proteins has been shown to bind to the C
termini of their binding partners. Three classes of C termini binding PDZ domains have been identified based on the motif they bind to. Shown is the consensus
motif as reported by (41, 42) with X for any amino acid and s indicating a hydrophobic amino acid. B, last 20 amino acids of the S. cerevisiae proteasomal
AAA-ATPases, Rpt1-6. Bold and underlined text shows the putative class Il recognition sequence found in Rpt5. C, E. coli lysates expressing His-tagged Rpt5,
Rpt5-A1, or Rpt5-A3 (right panel) were mixed with lysates expressing GST or GST-tagged Nas2. Glutathione-Sepharose-purified samples were separated on
SDS-PAGE followed by Coomassie Blue staining (left panel). D, His-tagged C-domains of Rpt5, Rpt5-A1, or Rpt5-A3 were co-expressed with GST or GST-tagged
Nas2in E. coli (right panel). Glutathione-Sepharose-purified samples were separated on SDS-PAGE followed by either Coomassie Blue staining (top left panel) or
immunoblotting using a His tag antibody (bottom left panel). Comparable results were obtained with more than three independent purifications.

binding of Nas6, Rpn14, and Hsm3 to the C-domain of their
respective Rpt protein antagonizes docking of the Rpt tail onto

feedback mechanism that is activated when proteasome func-
tion is compromised (43). In sum, both the rp£5-A1 and rpt5-A3

strains show phenotypes consistent with a defect in docking of
Rpt5 onto the CP.

Phenotypic Analysis—How Nas2 and the other chaperones
function at the molecular level in assembly is not well under-
stood. One model, supported by some experimental data, is that
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the CP (9, 14). Structural studies show that the hydrophobic
amino acids of the Hb-Y-X motif present in the tail of a number
of Rpt proteins fits snugly into the CP pocket (7, 40), indicating
that the binding of Nas2 to Rpt5 would prevent Rpt5 from
docking onto CP. If Nas2 would function solely as a factor to
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FIGURE 2. Reduced LLVY-AMC hydrolytic activity for proteasome com-
plexes of Rpt5 mutants on native gel. Cell lysates of wild type, nas2A, rpt5-
A1, or rpt5-A3 were resolved on native gel (100 ug of protein/lane). The gels
were stained for hydrolytic activity using the fluorogenic substrate LLVY-AMC
in the absence (top panel) or presence (bottom panel) of 0.02% SDS. The pres-
ence of SDS results in visualization of free CP, by opening the CP gate.
The different CP containing complexes that can be identified are indicated.
The results shown are a representative example of more than three inde-
pendent experiments.

prevent Rpt5-CP interaction, one would predict that this func-
tion would become irrelevant when Rpt5 and CP do not inter-
act, such as in the rpt5-Al. Thus, if a deletion of NAS2 in an
rpt5-Al strain would cause a more severe phenotype, it would
suggest that Nas2 might perform roles in assembly beyond reg-
ulating the Rpt5-CP interaction. To test this, we performed
some phenotypic analysis. Using strains deleted for NAS2 or
containing the rpt5-Al or rpt5-A3 mutation, we did not observe
any sensitivity for high temperature (Fig. 3). When we tested
our mutants in the Zsm3A background, the rpt5-Al strain did
not show any sensitivity at 37 °C (Fig. 3). However, upon dele-
tion of NAS2 in this background, these cells became tempera-
ture-sensitive. This suggests that Nas2 has additional, as of yet
unidentified, functions during proteasome assembly. The
nas2A hsm3A strain (15, 16) and the hsm3A rpt5-A3 strain
showed temperature sensitivity as well, because both grew
poorly at 37 °C as well (Fig. 3). This is consistent with the notion
that disruption of the Rpt5-Nas2 interaction in an HSM3 dele-
tion background causes temperature sensitivity. The hsm3A
rpt5-A3 strain appears to be somewhat more sensitive com-
pared with nas2A hsm3A. This can most likely be explained by
the disrupted Rpt5-CP interaction in ssm3A rpt5-A3 strain.
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30°C

wt
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hsm3A rpt5-A3
nas2A hsm3A

nas2A hsm3A rpt5-A1
nas2A hsm3A rpt5-A3

FIGURE 3. Growth phenotype of nas2A correlates with rpt5-A3 mutation
in the hsm3A background. Strains with the indicated mutations or genes
deleted were spotted on YPD plates in 4-fold serial dilutions and grown at the
indicated temperature for 2-3 days. Dilution assays were performed three
times with at least two independent clones, each time showing similar
growth patterns.

As mentioned before, the disruption of the Rpt5-CP interac-
tion, as observed in the rpt5-A3 or rpt5-Al, appears to be syn-
thetic lethal with a deletion of RPN4. The deletion of NAS2 in
an rpn4A strain is not lethal, and nas2A rpn4A cells do not show
temperature sensitivity either (data not shown). This is similar
to what has been observed for deletions of the other individual
chaperones in combination with RPN4 (14). In sum, strains in
which the Nas2-Rpt5 interaction is disrupted in the hsm3A
background become sensitive for heat stress. Strains with com-
promised Rpt5 docking on the other hand display lethality in
the rpn4A background.

Enrichment in Ecm29—The lysate of rpt5-Al strain shows a
modest enrichment in a species that migrates slightly slower
then RP-CP, whereas there also is a species migrating slightly
slower than RP,-CP (Fig. 2). This effect is consistently more
pronounced in rpt5-A3 lysates, suggesting both the failure to
interact with the CP and the failure to bind Nas2 contribute to
this effect (Fig. 2). These slower migrating species can generally
be attributed to retarded migration caused by the binding of
Ecm29 or Blm10 (24, 31). Ecm29 can bind to RP,-CP or RP-CP.
Blm10 can only bind to RP-CP, because Blm10, like RP, inter-
acts with the ends of CP, and the binding to the same end of the
CP is mutually exclusive between RP and Blm10 (23, 24). To
confirm that the slower migrating forms we observe are Ecm29-
containing species, we used two approaches. First, we analyzed
the presence of Ecm29 by performing immunoblots of the
native gels (Fig. 44). This experiment shows that the Ecm29-
positive bands align with the retarded RP-CP and RP,-CP, indi-
cating that these bands contain Ecm?29. Furthermore, compar-
ing the signal of Ecm29 with Rpt5 in Fig. 44 suggests that the
ratio of Ecm29-containing proteasome is strongly increased in
rpt5-Al and especially in the rpt5-A3 strains. Second, we intro-
duced a protein A-tagged proteasome subunit (36) in the dif-
ferent strains and used this to affinity purify proteasomes. SDS-
PAGE analysis of these purified proteasomes showed an
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FIGURE 4. rpt5-A3 proteasomes are enriched in Ecm29. A, cell lysates of wild type, nas2A, Rpt5-A1, or Rpt5-A3 were resolved on native gel (60 ng of
protein/lane) and stained for hydrolytic activity in the presence of 0.02% SDS using the fluorogenic substrate LLVY-AMC (right panel). The gels were also
transferred to a membrane and probed with antibodies to Ecm29 or Rpt5. Two independent experiments showed similar results. B, proteasomes were
affinity-purified from strains with protein A-tagged Rpn11 in the presence of ATP. Samples were analyzed using SDS-PAGE and stained with CBB. C, identical
to B, only instead of CBB staining gels were transferred to a membrane and probed with an antibody to Ecm29. D, proteasome preparations shown in B were
incubated in the presence or absence of apyrase. The samples were subjected to native gel electrophoresis in the presence of ATP and stained for LLVY-AMC
hydrolytic activity in the presence or absence of 0.02% SDS. The third panel shows native gel stained with Coomassie Blue. The results shown in B-D are

representative examples of at least three experiments using two independently purified proteasome preparations.

enrichment of a band at a molecular weight similar to Ecm29 in
the rpt5-A1 and rpt5-A3 (Fig. 4B, first lane versus second, fourth,
and sixth lanes). This band was absent from ecn29 deletion
strains (Fig. 4B, third, fifth, and seventh lanes). To confirm this
was indeed Ecm29, we did an immunoblot using the same
Ecm29 antibody that was used in Fig. 4A (Fig. 4C). Next, the
purified proteasomes were treated with apyrase to reveal the
proteasomes that have Ecm29 associated with it. Apyrase con-
verts ATP and ADP into AMP and thereby causes dissociation
of the RP-CP interaction unless Ecm29 is present (31). There-
fore, the reduction of RP,-CP or RP-CP levels and the concur-
rent increase in the level of free CP is an indication of the
amount of proteasomes that did not have Ecm29 associated
with it, whereas resistance to apyrase treatment reflect com-
plexes that are associated with Ecm29. Wild type proteasomes
have little Ecm?29 associated, because most of the RP,-CP and
RP-CP species disappear upon apyrase treatment, and free CP
dramatically increases (Fig. 4D, first, second, eleventh, and
twelfth lanes). Proteasomes purified from rpt5-Al, rpt5-A3, and
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hsm3A rpt5-A3 strains show hardly an increase in free CP upon
treatment with apyrase, and almost all RP-CP species remain
stably associated (Fig. 4D, third, fourth, seventh, eighth, thir-
teenth, and fourteenth lanes). This shows that these protea-
somes are highly enriched in Ecm29, with almost every RP-CP
species containing at least one Ecm29 molecule. This is consis-
tent with what we saw for the lysates on native gel (Fig. 44). To
show that the observed stability upon apyrase treatment is
indeed caused by Ecm29, we deleted ECM29 in the rpt5-Al,
rpt5-A3, and hsm3A rpt5-A3 strains. Upon treatment of protea-
some from ecm29A strains with apyrase, the levels of RP,-CP
and RP-CP were strongly reduced, similarly to wild type, with a
concurrent increase in free CP (Fig. 4D, fifth, sixth, ninth, tenth,
fifteenth, and sixteenth lanes). Thus, the rpt5-Al and rpt5-A3
mutations cause a strong increase in proteasomes associated
with Ecm29, and the majority of assembled proteasomes con-
tain Ecm29.

Ecm29-induced Closing of the Gate—W'e observed a surpris-
ing SDS-induced increase in RP-CP and RP,-CP suc-LLVY-
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AMC hydrolytic activity on native gels in the rpt5-A3 strain
(Figs. 2 and 4D, seventh and eighth lanes; compare top and mid-
dle panel) as well as the rpt5-A1 and wild type strain after apyr-
ase treatment (Fig. 4D). SDS induces a strong increase in free
CP activity, because SDS causes an artificial opening of the gate
of the CP (45). However, the association of RP with CP also
results in gate opening. Thus, RP,-CP species normally do not
display an increase of LLVY-AMC hydrolytic activity in the
presence of SDS compared with the absence of SDS, whereas
RP-CP might show an intermediate activation. The SDS-stim-
ulated activity seems to be exclusive for the proteasome species
with retarded migration and more pronounced in the rpt5-A3
strain (Fig. 4D), suggesting that this effect depends on the pres-
ence of Ecm29. Alternatively, it could be specific for the rpt5-A3
strain, because Rpt5 reportedly plays a role in gate opening (5,
6). We favor the earlier, because the SDS stimulation was not
observed for proteosomes purified from a rpt5-A3 ecm29A
strain (Fig. 4D), and a similar effect has been observed in other
mutants strains as well (47). Furthermore, hsm3A and nas2A
strains show the same SDS activation for the Ecm29-RP-CP
species (Fig. 2 and data not shown). Thus, the activation by SDS
seems specific for RP-CP complexes that have Ecm29 associ-
ated. To test whether the association of Ecm29 might affect
SDS-dependent stimulation of LLVY-AMC activity in strains
without any other mutations, we compared wild type protea-
somes with and without Ecm?29. To do this, we purified protea-
somes from an ecm29A strain in the presence of ATP or from
wild type cells in the absence of nucleotide. In the absence of
nucleotide, all of the 26S proteasomes purified from the wild
type strain contain Ecm29 (31). Native gel analysis of these
purified proteasomes show that RP-CP species containing
Ecm29 are strongly activated by SDS, as is CP, whereas RP-CP
species lacking Ecm29 are not (Fig. 5). Because the only known
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role of SDS is opening the gate, these data strongly suggest that
Ecm29-containing proteasomes have the gate in a closed con-
formation. Proteasomes containing Ecm29 might therefore be
less active and have reduced functionality, a property consis-
tent with the recently proposed quality control function of
Ecm?29 (33).

Ecm?29 Proteasomes Contain All Subunits—In a paper pro-
posing the quality control function of Ecm29, Lehman et al. (33)
suggest that the observed reduction of the relative hydrolytic
activity for Ecm29-bound RP-CP species is caused by incom-
plete CP maturation. However, the observed hydrolytic activity
of the Ecm29-containing proteins in our native gel assays, espe-
cially in the presence of SDS, suggests that these proteasomes
have mature active sites. In addition to incompletely matura-
tion of CP, Lehman et al. (33) argue that all Ecm29-containing
proteasomes lack the CP subunit 83. To test whether the
Ecm?29-containing proteasomes in our system lack (33, we
purified proteasomes from a wild type strain as well as an
rpt5-A3 strain. Even though almost all 26 S purified from
the rpt5-A3 strain is associated with Ecm29 (Fig. 4D), we
treated rpt5-A3 strain-derived proteasomes with apyrase to dis-
sociate any RP-CP complexes that do not contain Ecm29. Next,
samples were loaded on a native gel to separate RP,-CP com-
plexes from other proteasome complexes, and the proteasome
subunit composition of the Ecm29-containing RP,-CP was
analyzed using mass spectrometry. Analysis of two independ-
ent purifications show the presence of all core particle subunits,
including B3, in Ecm29-containing RP,-CP proteasomes puri-
fied from rpt5A3 strain (supplemental Table S2). Thus, under
our conditions the presence of Ecm29 does not correlate with
the absence of 33.

Rescue by ECM29 Deletion—The increased association of
Ecm?29 to rpt5-A3-derived proteasomes might fulfill one of two
different functions based on the reported roles of Ecm29. First,
Ecm29 binding might stabilize the RP-CP interaction for these
compromised proteasomes. If Ecm29 would provide only sta-
bilizing functions, its absence would attenuate proteasome
function and presumably cause more severe phenotypes. On
the other hand, if Ecm29 would act as a negative regulator that
inhibits faulty proteasomes, its absence might be beneficial for
cells with large amounts of faulty proteasomes. We tested the
effect of deleting ECM29 on the phenotype to assess whether it
rescues or exacerbates the phenotypes of hism3A rpt5-A3 strain.
The deletion of ECM29 in the hsm3A rpt5-A3 strains showed a
rescue of the temperature sensitivity, suggesting Ecm29 actu-
ally functions as a negative regulator of proteasome assembly or
function (Fig. 6, top panel). If the observed effects of Ecm29 are
in part related to the failure of Rpt5 binding to Nas2, the nas2A
hsm3A cells should also be rescued by a deletion of ECM29. The
deletion of ECM29 indeed rescues the nas2A hsm3A tempera-
ture sensitivity, although the rescue is not as robust as for the
hsm3A rpt5-A3 strain (Fig. 6, middle panel). To confirm that
these phenotypic rescues are not the result of a rescue of
hsm3A, we tested whether the hsm3A rpni4A or the hsm3A
nas6A are rescued by a deletion of ECM29. Both strains are not
rescued by the deletion of ECM29 (Fig. 6, bottom panel),
whereas they are rescued by overexpression of Rpt1 (14). Over-
expression of Rptl is known to compensate for the absence of
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FIGURE 6.rpt5-A3 and nas2A in the hsm3A background can berescued by
deletion of ECM29. Strains with the indicated mutations or genes deleted
were spotted on YPD plates in 4-fold serial dilutions and grown at the indi-
cated temperature for 2-3 days. Dilution assays were performed three times
with at least two independent clones, each time showing similar growth
patterns.

Hsm3 (14). Furthermore, the nas6A rpni4A strain is also not
rescued by a deletion of ECM29, indicating that only deletions
of NAS2, but not other RP chaperone genes, is rescued by a
deletion of ECM29.

DISCUSSION

The identification of four chaperones that assist in the
assembly of the proteasome regulatory particle provides a re-
markable example of convergent evolution (9, 13—16), because
these chaperones do not display any genetic or structural relat-
edness. Even more remarkable is that each of the four chaper-
ones binds to the C-domain of a specific paralogous AAA-
ATPase. The data presented here show that Nas2, unlike the
other chaperones, requires the last three amino acids of the Rpt
protein for its interaction with this protein. This suggests that
Nas2 will interfere with the docking of the Rpt5 tail into the CP,
because the C-terminal three amino acids of the tail of Rpt5 are
tightly packed in a CP pocket upon docking (7, 40). Thus, Nas2
has the potential to regulate the interaction of the Rpt protein
with the CP by a more direct mechanism as compared with
Rpnl4, Nas6, and maybe Hsm3 (9, 14). Our data also suggest
that when studying the rpt5-A3 mutant in vivo (10), one is look-
ing at the cumulative effect of the disruption of two interac-
tions. Using different mutants we were able to dissect the
importance of the different interactions: the rpt5-Al strain,
which is compromised in Rpt5-CP interaction; the nas2A
strain, which lacks the Rpt5-Nas2 interaction; and the rpt5-A3
strain, which is compromised in both Rpt5-CP and Rpt5-Nas2
interactions.
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If the only function of Nas2 would be to prevent docking of
Rpt5 tail into a pocket located on the CP, Nas2 function would
become irrelevant in the rpt5-Al strain, where the Rpt5-CP
interaction is compromised. However, deletion of NAS2 in the
hsm3A rpt5-Al strain results in temperature sensitivity, indi-
cating Nas2 has functions beyond preventing the docking of
Rpt5 into a CP pocket. We are currently investigating what
other functions Nas2 has. Nas2 might, for example, facilitate
the formation of specific intermediate assembly complexes or
prevent formation of off-pathway products. Alternatively Nas2
might stabilize Rpt5, as has been suggested for the human hom-
olog p27 (12), although overexpression of Rpt5 in yeast does not
rescue the temperature sensitivity of nas2A hsm3A strains (data
not shown).

We observed that the combined failure of the Nas2-Rpt5 and
the Rpt5-CP interaction by means of the rpt5-A3 mutant causes
a dramatic accumulation of Ecm29 on the RP-CP and RP,-CP
proteasome species. There have been several publications
showing Ecm29 is a stabilizing factor for the RP-CP interaction
in the absence of ATP (31, 32). However, more recent publica-
tions suggest that it is also a negative regulator or quality con-
trol protein for proteasome assembly (33-35). These roles
might appear contradictory, but our data actually suggest that
both phenomena happen synchronously. We observed that
Ecm29-containing proteasomes remain stable upon removal of
ATP and display reduced suc-LLVY-AMC hydrolytic activity in
the absence of SDS. In the presence of SDS, suc-LLVY-AMC
hydrolytic activity is restored. The mechanism for SDS activa-
tion is generally believed to involve an artificial opening of the
CP gate by disrupting the interaction between the N termini of
the CP asubunits, which then facilitates substrate entry. There-
fore our data suggest that upon binding with proteasomes
Ecm29 actually enforces a (partially) closed gate and thereby
inhibits the proteasome. Thus, Ecm29 could function as a qual-
ity control protein, if it would recognize and inhibit “faulty”
proteasomes.

Although we currently have no molecular insight into
whether and how Ecm29 recognizes defective proteasomes,
there are data suggesting that Ecm29 recognizes such protea-
somes. First, we saw enrichment in Ecm29-containing protea-
somes in our rpt5-Al and rpt5-A3 backgrounds. Second,
RP-CP complexes in which the 83 subunit is absent and the
active sites of the CP not properly matured show association
with Ecm29 (33). Finally, upon oxidative stress, there is an
increased association of Ecm29 with RP (34). Although we favor
a model with specific recruitment of Ecm29 to faulty protea-
somes, increased cellular levels of Ecm29 might also directly
contribute to the enrichment in Ecm29 on proteasomes (47).

Earlier work suggested that Ecm29 association with protea-
somes coincides with the absence of the CP 83 subunit (33).
The absence of 33 also causes a lack of matured active sites.
Under our conditions it seems unlikely that CP maturation
defects cause the recruitment of Ecm?29, because the Ecm?29-
containing proteasomes show robust proteolytic activity in the
presence of SDS. It is more plausible that failure in CP as well as
RP assembly can result in the recruitment of Ecm29. Ecm29
could specifically recognize conformations in each path, or it
might be able to recognize a specific signal at some integration
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FIGURE 7. Model explaining and summarizing the role of the Rpt5 tail in proteasome assembly. Top row, in wild type cells Rpt5 (indicated with the blue
triangle) contains a tail of about 12 amino acids that are predicted to be unstructured and not part of the preceding C-domain. The tail is depicted in orange with
the last three amino acids shown as green blocks. This tail has two functions. First, it interacts with the chaperone Nas2 (indicated with the red triangle). Second,
the tail contains a Hb-Y-X consensus motif and has been shown to dock into a pocket present on the CP. Both interactions are mutually exclusive. Without
disruption of either function, proteasomes assemble normally and have little Ec29 associated with them. These proteasomes display high hydrolytic activity
toward the substrate LLVY-AMC. Second row, upon deletion of the C-terminal amino acid of Rpt5, the functional binding to CP is disrupted, whereas the binding
to Nas2 is still functional. Under these conditions, there is a modest increase in the formation of faulty proteasomes (indicated by the misalignment of
CP-RP) that have Ecm29 associated, but there is a substantial amount of proteasomes remaining that do not have Ecm29 associated with them. Third row,
deleting three amino acids from the C-terminal end of Rpt5 results in the loss of both Nas2 binding and proper CP docking. Under these conditions, almost all
proteasomes formed have Ecm29 associated with them. Although it is unclear what signal recruits Ecm29 to these proteasomes, we propose that Ecm29
functions as a quality control protein that recognizes proteasomes because of a misalignment between CP and RP. These Ecm29-associated proteasomes show
a strongly reduced LLVY-AMC hydrolytic activity, suggesting that the function of Ecm29 might be to recognize and inhibit faulty proteasomes. Fourth row, this
model predicts that the deletion of Ecm29 would remove inhibition of the proteasome and actually rescue cells with a substantial amount of faulty protea-
somes by increasing their cellular proteolytic potential.

point. The latter seems possible considering the interaction
between RP and CP regulates gate opening and the binding of
Ecm29 affects the gate. Interesting to note is the presence of an
allosteric communication that occurs between the proteolytic
active sites inside the CP and CP-RP interface (31, 46). Thus,
immature active sites of the CP could affect the CP-RP interac-
tion as well. Therefore, if Ecm29 would recognize some mis-
alignment between CP and RP, it would have the potential to be
able to “sense” a variety of faulty proteasomes, even if the cause
is from a different origin. Because Ecm29 has been reported to
bind to the CP as well as the RP (32), one can envision that
subtle changes affecting the relative position of the two binding
sites might function as a sensor of improper RP-CP alignment.
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Although our data indicates a function of Ecm29 in recogniz-
ing and inhibiting faulty proteasomes, it is unclear whether
Ecm29 always inhibits the proteasome, because Ecm29 also
appears to function as an adaptor that anchors proteasomes to
specific cellular compartments (17, 44). Furthermore, although
we have shown in vitro that Ecm?29 stabilizes proteasomes in
the absence of ATP or ADP, other recent publications suggest
that Ecm29 might cause dissociation of RP-CP complexes
under different conditions (33, 34). Ecm29-induced dissocia-
tion might make sense as part of a mechanism to recognize and
restore faulty proteasomes.

Fig. 7 explains our observations in respect to a model. In wild
type cells, the majority of proteasomes are assembled correctly.
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Nas2-mediated assembly is normal, and the Rpt5 tail can dock
into the core particle. Thus, there is only a small population of
proteasomes associated with Ecm29. It could be that during
normal assembly there is a transient functional association with
Ecm?29, or there is always a low background of faulty protea-
somes present. Upon deletion of the Rpt5 C-terminal amino
acid (Fig. 7, second row), Rpt5 does not dock properly onto CP,
but in the presence of Nas2 this does not cause a major defect in
assembly. This results in an increase in association of Ecm29
with the proteasome, but there is a substantial pool of protea-
somes that are not bound or recognized by Ecm29 and are fully
active. This provides a medium level of activity that is sufficient
to cope with stress conditions such as heat, especially when the
cell is able to compensate for reduced proteasome function
using the rpn4-based feedback mechanism. However, the com-
bined mutation with rpn4A causes lethality, indicating that the
docking of the Rpt5-Al protein into the CP pocket is severely
compromised. In rpt5-A3 there is a defect in docking in com-
bination with a defect in assembly because the interaction
between Nas2 and Rpt5 is disrupted as well (Fig. 7, third row).
This presumably causes an increase in faulty proteasomes.
These faulty proteasomes are then recognized by and bound to
Ecm29 resulting in low proteasome activity. This prevents this
strain from being able to cope with heat stress in, for example,
the hsm3A background. Deleting ECM29 in this background
does not restore the defective proteasomes but removes the
inhibition of the defective proteasomes (Fig. 7, fourth row).
Thus, these cells have again a substantial amount of proteasome
activity that enables them to deal with a certain amount of heat
stress.

In mutants where faulty proteasomes can be restored or
make up a minor portion of the total proteasomes, it might
be preferable to have Ecm29 inhibit these proteasomes. This
will ensure that the cell has a pool of proper proteasomes and
no active faulty proteasomes. However, under conditions
where large amounts of faulty proteasomes are formed, such
as in our rpt5-A3 mutant, Ecm29 would be inhibiting a large
fraction of proteasomes. Therefore, a particular cell might be
better off to have fully active, albeit faulty, proteasomes. This
would explain how the deletion of ECM29 can rescue the
phenotypes of specific strains. However, under conditions
where the absence of Ecm29 would not restore proteolytic
activity, for example because defects in core particle assem-
bly caused the association of Ecm29, deleting ECM29 might
actually exacerbate the phenotype. Such an exacerbated phe-
notype has, for example, been reported for ecm29A umpiA
and ecm29A blm10A (24, 33).

From our data it is clear that both the Rpt5-CP and the Rpt5-
Nas2 interaction are important for proper proteasome for-
mation. Interestingly, the compromised interaction of Rpt5
with Nas2 does not simply cause a reduced or slower assem-
bly of normal proteasomes but causes the formation of pro-
teasomes associated with Ecm29. Delineating the mecha-
nism by which these proteasomes are recognized by Ecm29
will be important for understanding at the molecular level
how Rpt5 and Nas2 function in proteasome assembly as well
as how Ecm29 plays a role as a negative regulator and puta-
tive quality control protein.
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