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. The proteasome degrades many short-lived proteins that are labeled with an ubiquitin chain. The

. identification of phosphorylation sites on the proteasome subunits suggests that degradation of these
substrates can also be regulated at the proteasome. In yeast and humans, the unstructured C-terminal

. region of a7 contains an acidic patch with serine residues that are phosphorylated. Although these

. were identified more than a decade ago, the molecular implications of a7 phosphorylation have

. remained unknown. Here, we showed that yeast Ecm29, a protein involved in proteasome quality
control, requires the phosphorylated tail of a7 for its association with proteasomes. This is the first
example of proteasome phosphorylation dependent binding of a proteasome regulatory factor. Ecm29

. is known to inhibit proteasomes and is often found enriched on mutant proteasomes. We showed

. that the ability of Ecm29 to bind to mutant proteasomes requires the a7 tail binding site, besides a

. previously characterized Rpt5 binding site. The need for these two binding sites, which are on different
proteasome subcomplexes, explains the specificity of Ecm29 for proteasome holoenzymes. We propose

. that alterations in the relative position of these two sites in different conformations of the proteasome

. provides Ecm29 the ability to preferentially bind specific proteasome conformations.

The ubiquitin proteasome system (UPS) is present in all eukaryotes and enables cells to degrade many proteins
in a highly regulated fashion'. Numerous enzymes are required to specifically label proteins that are destined for
. degradation with ubiquitin. Ubiquitin, a short polypeptide, is normally covalently attached to lysine residues
. present in the target protein. The ubiquitinated proteins become substrates for the proteasome, a 2.5 MDa pro-
: tease complex. The proteasome holoenzyme consists of 33 unique polypeptides that are assembled into two main
subcomplexes: the regulatory particle (RP) and the core particle (CP). The RP recognizes ubiquitinated substrates
either through direct interaction with proteasome subunits that function as ubiquitin receptors, like Rpn10,
Rpn13, or Rpnl, or through recognition of adaptors that bind ubiquitinated substrates and the proteasome, such
as Rad23 or Dsk2%3. The RP removes the ubiquitin from substrates and unfolds them. The unfolding occurs at
an AAA-ATPase ring formed by the six homologous proteasome subunits Rpt1 to Rpt6. The Rpt ring abuts the
CP and is responsible for threading substrates into the CP where the proteolytic active sites are located. The CP
: is formed by four hetero-heptameric rings that are stacked upon one another, resulting in a hollow, cylinder-like
© structure. CP subunits are of two types, a and 3, arranged to form an o,_,3,_,3,_,,_; structure. 31, 32, and 35 are
. the catalytic subunits that provide the protease activity required for protein degradation.
: The proteasome is an abundant complex in the cell, therefore it is important for the cell to assemble all 66
© subunits that comprise this RP,-CP complex efficiently and correctly. To achieve this, proteasome assembly is
© tightly orchestrated in the cell with the help of ten dedicated assembly chaperones*. Five of these chaperones,
: Hsm3, Nas2, Nas6, Rpn14, and Adc17, are dedicated to RP assembly. The other five chaperones, Pbal, Pba2, Pba3,
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Pba4, and Umpl, assist in CP assembly. Interestingly, these chaperones not only promote the formation of specific
subcomplexes, but several also prevent the premature association of RP and CP. For example, the CP chaperones
Pbal-Pba2 prevent the association of RP with immature CP%’. Similarly, the RP chaperones are capable of block-
ing mature CP from interacting with RP8-!1. Thus, it appears that the final step in assembly, the association of CP
with RP, is tightly controlled.

The chaperones, under normal conditions, only bind to proteasome subcomplexes and are not found on the
holoenzyme or mature CP. Several other proteasome-associated components have been identified that have bind-
ing sites on either CP or RP'2. However, these have also been found associated with 26S proteasomes or mature
CP, suggesting they regulate proteasome activity or assist in proteasome function. Indeed, several assist in deliv-
ery of substrates to the proteasome, modify the ubiquitin chains on substrates, or change the hydrolytic activity of
the core particle’?. Ecm29 is a unique proteasome component as it is the only one known to bind to the RP (Rpt5)
as well as the CP'>!4. Nevertheless, it is normally only found on singly and doubly capped proteasomes, i.e. RP-CP
complexes and RP,-CP complexes'>!>.

Ecm29 is a large protein (210kDa) predicted to contain 29 HEAT repeats. Both CryoEM analyses and struc-
ture predictions of Ecm29 suggest that Ecm29 forms an elongated and curved protein similar to many other
proteins with multiple HEAT repeats'>!6. Several functions have been proposed for yeast Ecm29 and the human
ortholog KIAA0368. For example, it has been suggested to remodel proteasomes under stress conditions!”!8,
as well as play a role in localizing proteasomes to membrane components'®-?!, or movement of proteasomes in
neurons? Initially, it was thought to positively regulate proteasome function as it stabilizes the RP-CP interac-
tion in the absence of nucleotide!*!>. However, Ecm29 has been shown to inhibit proteasome activity in vivo and
in vitro'4%,

The inhibition by Ecm29 involves two mechanisms: first, Ecm29 binding induces closure of the substrate
entry channel'”?*. This channel is found on the top and bottom of CP and is normally opened by RP. Second,
Ecm?29 reduces the ATPase activity of proteasomes. This ATPase activity is required to unfold substrates so that
they can enter the CP'. Interestingly, Ecm29 has been found enriched on a variety of proteasome mutants!”?-2°,
These and other data led to the proposed function of Ecm29 as a quality control factor that recognizes aberrant
proteasomes!423-%,

It remains poorly understood why Ecm29 is enriched on mutant proteasomes. Ecm29 could specifically rec-
ognize faulty proteasomes'*, it could be an unstable proteasome substrate that is stabilized resulting from reduced
proteasome activity?#?, or it could be upregulated in strains with proteasome mutations!’. To better understand
how Ecm29 associates with the proteasome and regulates proteasome activity, it is crucial to understand where
Ecm?29 binds to the proteasome complex. Using a crosslinking approach, we previously identified the RP subunit
Rpt5 as an interaction partner of Ecm29'%. However, no CP subunits were identified.

Here, we report the identification of an Ecm29 binding site on the core particle subunit a7. Truncation of
the C-terminal tail of a7 substantially diminishes the Ecm29 interaction with the proteasome in both wild type
and in mutant proteasomes. Phenotypic analyses confirm that this tail of a7 is important for Ecm29 binding to
proteasomes in vivo as well. Interestingly, the tail of a7 has a conserved acidic region that contains three serine
residues that are known to be phosphorylated. Mutation of these sites indicates that Ecm29 depends on o7 phos-
phorylation for its interaction with the CP. Thus, our data reveal an additional level of complexity to the binding
of Ecm29 to proteasomes and identify a function for the phosphorylation sites in the tail of 7.

Results

a7 subunit of CP as putative binding partner for Ecm29. Ecm29 is predicted to bind CP as well as
RP1. Based on the large size and predicted elongated and curved structure'®'¢, we hypothesized Ecm29 binds
CP in close proximity to RP binding site Rpt5'%. Recent mapping of the RP-CP interaction and structural insights
from several cryoEM structures of the proteasome provide a detailed understanding of the location of Rpt5 with
respect to CP**-? (Fig. 1a). The C-terminus of Rpt5 docks into a pocket formed at the interface of the CP subunits
a5 and a6?%-% and has also been shown to be able to occupy the pocket between a6 and a7%%. The face of the CP
cylinder provides the principal interaction surface with the RP. Here, the a-subunits have N-termini that extend
and contribute to the formation of the CP gate®. This area is unlikely to be available for Ecm29 binding, because
it is covered by the RP in the 26S proteasomes?~?. Thus, Ecm29 is more likely to bind to the lateral surfaces of o
-subunits. Interestingly, four out of seven a-subunits (a3, a4, a5, and a7) have C-terminal amino acid sequences
(>10 residues) that are not resolved in the crystal structure of the CP and are likely to extend from the lateral
surface of the CP*. Of these, a7 contains the longest extension, 40 residues, and this tail contains a patch of acidic
amino acids (Fig. 1b). Human o7 has a similar C-terminal tail that extends beyond the crystal structure and
harbors numerous acidic residues® (Fig. 1c). Thus, features of the a7C-terminal tail are conserved from yeast to
human. Since Ecm29 is conserved, presumably the binding site is as well. Figure 1a shows the last three resolved
a7 residues in a 26S model in red. From this it is clear that the extended tail is in close proximity to the subunit
that binds Ecm29 (Rpt5, light blue in Fig. 1a) .

C-terminal tail of a7 subunit is important for Ecm29 binding to the proteasome. To test if the
a7 C-terminal tail is important for Ecm29-proteasome interaction, we deleted the last 40 amino acid residues
from the a7 subunit (Fig. 2a). These are residues that were not resolved in the crystal structure of the CP*. Strains
with this a7 truncation were viable and we refer to the truncation as «7-A40 from here onwards. To purify pro-
teasomes we introduced this truncation into strains that either contained the protein A-tagged RP subunit Rpn11
or protein A-tagged CP subunit Prel (34)%.

Compared with wild type proteasomes, proteasomes purified from these strains showed a similar pattern on
Coomassie Brilliant Blue (CBB) stained SDS-PAGE gels (Fig. 2b). Immunoblotting for a7 showed a lower molec-
ular weight for a7 upon truncation, consistent with the expected reduction in molecular weight from 31.5 kD to
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Figure 1. 7 as the putative binding site for Ecm29. (a) CryoEM-based model of the Proteasome? (PDB-
4B4T) showing regulatory particle (RP) and core particle (CP). Rpt5 is displayed in cyan and other Rpt subunits
in blue. Lid subunits Rpn5 and Rpn6 that interact with the CP are shown in purple and the remainder of RP is
shown in green. The core particle o subunits are colored in yellow, with the last three ordered amino acids of
a7 shwon in red. 3 subunits are colored in orange. (b) Amino acids sequences from the a-ring subunits beyond
crystal structure®® and model presented?. Second column shows the last three ordered amino acids for each

o subunit. Third column shows C-terminal amino acids that were not resolved in the structure. Consecutive
acidic residues in C-terminal of o7 residues that forms the acidic patch are underlined as red line. (c) Sequence
alignment of acidic patch in the C-terminal tail of o7 from S. cerevisiae and H. sapiens.

27.3 kD. Purified proteasomes also showed a strongly reduced level of Ecm29 upon truncation of a7 (Fig. 2b).
As is evident from the protein staining, proteasome preparations purified using the CP-tag have generally reduced
levels of RP co-purified and increased amounts of CP as compared to RP-based proteasome purifications. This
tag-induced difference likely explains the lower levels of Ecm29 in CP-tag proteasome purifications as compared
to RP-tag preparations. However, there is consistently a clear reduction of Ecm29 levels upon deletion of the
a7 tail.

Native gel analyses of proteasome complexes purified from wild type and a.7-A40 strains also showed reduced
levels of Ecm29 in the a7-A40 background. The small amount of Ecm29 that is still bound to proteasomes binds to
the same complexes as has been observed under wild type conditions (Fig. 2¢c). Additionally, we observed a slower
migrating form of CP in the a7-A40 samples. A similar slower migration of CP is observed when CP associates
with the CP interacting protein Blm10°2. However, we did not observe increased levels of Blm10 in o7-A40
proteasomes compared to wild type proteasomes (Fig. 2b). The a7 truncation contains 16 acidic residues and
the calculated isoelectric point (pI) of the protein changes from 5.0 to 7.7, thus instead of other proteins binding
to CP, the altered migration might be a consequence of the difference in charge between wild type and o.7-A40
CP. To test this we purified CP from wild type as well as from o7-A40 (Fig. 2d). The high salt washes required to
purify CP also removed any Blm10 that might be bound to the CP, as is apparent from the absence of ~240kDa
bands in CP preparations (Fig. 2d). Even in the absence of Blm10, a7-A40 derived CP showed a retarded migra-
tion compared to CP with full-length 7. Thus, the change in migration results from the truncation and is most
likely due to the loss of negatively charged amino acid residues. In sum, our data show that truncation of the a7
tail led to reduced binding of Ecm29 to proteasome.

Effect of 7 C-terminal tail truncation in vivo. Next, in order to determine the physiological importance
of the a7 truncation in vivo, we analyzed cells for two phenotypes typical for proteasome mutants: sensitivity to
heat stress at 37 °C and canavanine sensitivity. Both of these conditions are thought to introduce protein misfolding
stress due to the high temperature or the incorporation of the arginine analog canvanine. Unlike several
proteasome mutants or mutants with defects in proteasome assembly, the a7 truncation did not cause increased
sensitivity to these conditions (Fig. 3a,b). This suggests there are no major defects in proteasome function
upon deletion of the a.7C-terminal tail. Similarly, the deletion of Ecm29 by itself does not cause temperature
sensitivity or canavavine sensitivity.

Next, we tested if the truncation can rescue or cause synergistic effects in backgrounds where this has been
observed for the deletion of Ecm29. Here, we predict that strains with the a7C-terminal truncation should, at
least in part, mimic phenotypes that resulted from a deletion of ECM29 in sensitized backgrounds, because
a7-A40 results in reduced binding of Ecm29 to proteasome. We have previously characterized the rpt5-A3
mutant where the last three amino acids of the Rpt5 subunit are absent. In this strain proteasomes are enriched in
Ecm29%. The Rpt5 residues that are missing in rpt5-A3 strains are involved in the docking of RP onto CP**-%, The
rpt5-A3 strain shows canavanine sensitivity resulting from the cumulative effect of reduced proteasome activity
caused by the mutant form of Rpt5 as well as the inhibition by Ecm29'*. The canavinine sensitivity can be rescued
by a deletion of ECM29. When we introduced the o7 tail truncation in rpt5-A3 strains, the canavanine sensitivity
was also rescued. Thus, the truncation of the o7 tail phenotypically mimics the deletion of ECM29.

The deletion of the assembly chaperone UMPI results in an enrichment of Ecm29 on proteasomes and the
deletion of Ecm29 in an umpIA background causes increased sensitivity at 37 °C?*. The a7C-terminal trun-
cation in umpIA causes increased sensitivity at 37 °C as well (Fig. 3a), indicating the deletion of the 40 amino
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Figure 2. The C-terminal tail of the a7 is required for the binding of Ecm29 to the proteasome.

(a) Schematic representation of wild type o7 displaying the acidic patch (residues D250 to D259) and the o

7 with C-terminal truncation («7-A40) that removes all amino acids beyond N248. (b) Proteasomes were
purified from wild type and a7-A40 cells using either an RP tag (Rpn11- TEV-ProA; left panel) or CP tag (Prel-
TEV-ProA; right panel) and analyzed on SDS-PAGE as well as by immunoblotting using antibodies against
Ecm?29 and a7. (c) RP-tag derived proteasome purifications from (b) were resolved on native gel and stained
using an in-gel activity assay with LLVY-AMC as substrate in the presence of 0.02% SDS. Gel was coomassie
stained or transferred to pvdf membrane to probe for the presence of Ecm29 and 7. (d) CP from wild type and
a7-A40 cells was resolved on SDS-PAGE and stained with CBB (left panel). Same samples were also resolved
on native gel, followed by in-gel LLVY-AMC activity assay and CBB staining. Difference in electrophoretic
migration of CP from a7-A40 does not results from an enrichment in Blm10 and is likely due to the difference
in charge between o7 and o7-A40.

acids from the a7 causes a phenotype similar to the deletion of Ecm29 in this background as well. The deletion
of Ecm29 or the a7C-terminal truncation does, however, not rescue the canavanine sensitivity of umplA cells
(Supplementary Figure 1). This might not be surprising considering the important role of Ump1 plays in assembly
of the CP. In sum, the o7 truncation phenotypically mimics a deletion of Ecm29 in strains where ecm29A changes
the phenotype of the strain (rpt5-A3 and umplA), consistent with our in vitro observations that the a7 tail is
important for the binding of Ecm29 to proteasomes.

Next, we biochemically characterized proteasome complexes formed in the mutant strain background. Cell
lysates were resolved on native gels followed by activity assays using the fluorogenic peptide LLVY-AMC (Fig. 3¢).
Singly and doubly capped proteasomes can associate with Ecm29. This association causes a slower migration on
native gel'>!>. Blm10 binding can also cause a slower migration, but only for singly capped proteasomes. However,
our native gel analyses in the presence or absence of Blm10 indicates that the Blm10-containing species do not
play a major role in the assays discussed below (Supplementary Figs 2 and 3). Rpt5-A3 cells are highly enriched in
Ecm?29 as compared to wild type cells. Consequently, rpt5-A3 proteasomes show a notably slower migrating spe-
cies on the native gel, caused by association with Ecm29 as it is absent from ecrm29A cells (Fig. 3c compare lane
3 and 5). Consistent with our phenotypic data, truncations of a7 in the rpt5-A3 background caused a migration
of the proteasomes on native gels similar to that resulting from the deletion of ECM29. This indicates a reduced
recruitment of Ecm29 to a7-A40 rpt5-A3 proteasomes.

To analyze the level of Ecm29 present in the different strains we ran the same samples on SDS-PAGE and con-
ducted immuno blot analyses using an antibody that can recognize the endogenous Ecm29 protein (Fig. 3c lower
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Figure 3. The .7 C-terminal tail is important for Ecm29 proteasomal association in vivo. (a,b) Indicated
strains were serially diluted (four-fold) and (a) spotted onto YPD medium and grown at the indicated
temperatures for 3 days or (b) spotted on SD plates lacking arginine with or without canvanine and grown at
30°C for 5 to 6 days. The «7-A40 truncation resemble a deletion of ECM29 in the different backgrounds.

(c) Equal protein amount of total cell lysates from the indicated strains were analyzed on 3.5% nondenaturing
gel and stained using the LLVY-AMC activity assay (upper panel). Protein extracts were also resolved on SDS-
PAGE, followed by immuno blotting to determine the levels Ecm29 and Rpn8. Immunoblot against Pgkl was
used as a loading control.

panel). As observed previously, the rpt5-A3 strain shows increased levels of Ecm29 in total cell lysate compared to
wild type. Furthermore, truncation of a7 in this background reduces the levels of Ecm29 back to levels similar to
wild type (Fig. 3¢, compare lane 1, 3, and 6). Ecm29 has been reported to be degraded by proteasomes?*?, which
might suggest that a loss of interaction with proteasomes increases Ecm29 turnover. However, other reports have
suggested Ecm?29 is stable and increased levels on proteasomes result from higher rates of transcription'’. This
would suggest the a7 tail truncation results in a lower level of Ecm29 expression in a7-A40 mutant strains. In
either case, the effect of the truncation of a7 seems to be background dependent, as in both the umpIA and the
umplA o7-A40, Ecm29 levels are increased as compared to wild type.

To eliminate complications in our analysis as a result of differences in transcriptional regulation of ECM29, we
exchanged the promoter of ECM29 with the GPD promoter. For wild type cells this has been previously shown
to increase the levels of Ecm29 in the cell and result in stoichiometric amounts of Ecm29 on proteasomes!*!”
(Fig. 4a,b). Under these conditions we see high levels of Ecm29 in the cell lysate of both wild type and a.7-A40
cells. Native gel analyses, however, clearly shows a reduced level of Ecm29 on 26S proteasomes from the a7-A40
strains, with singly capped proteasomes having hardly any Ecm29 associated with the proteasome and strongly
reduced amount of doubly capped proteasomes associated with Ecm29. Thus, even under conditions of very
strong overexpression of Ecm29 the truncation of a7 causes reduced binding of Ecm29 to proteasomes. Since
Ecm29 binds to Rpt5 in addition to a7, the lost of a7 binding probably results in a substantially reduced affinity
of Ecm29 for proteasomes, but may not invoke a complete loss of binding. This can explain some limited binding
of Ecm29 to proteasomes in the a7-A40 background.

The ability to drive Ecm29 association with the proteasome by increasing the levels of Ecm29 in the cell sug-
gests that Ecm29 association with proteasomes is driven by the transcriptional regulation of ECM29 in the cell.
However, we have previously shown that Ecm29 shows better binding to mutant proteasomes as compared to
wild type proteasomes'. Thus, an alternative explanation for the observation of Ecm29 on wild type proteasomes

SCIENTIFICREPORTS | 6:27873 | DOI: 10.1038/srep27873 5



www.nature.com/scientificreports/

a (o
OE Ecm29 ADH-Ecm29
o O > 5
WV a¥ & i & &
&& s ¢ b N N
— e orEem B
a — - S
VD‘Q hvd v e @V% V{b
[ . 5 o
g & e - pak1 &S @‘
Cam26.RP.CP L Ecm29-RP,CP
CmM29-| 3
2 Ecm29-RP,CP | Ecm29-RP,CP
RP,CP RP,CP
- Ecm29-RP-CP 2
Ecm29-RP-CP Ecm29-RP-CP - Ecm29-RP-CP
RP:CP RP-CP b
CP-BIm10 CP-BIM10
CP (a7-40
Gp (7840 cp
Suc-LLVY-AMC Suc-LLVY-AMC
+0.02% SDS Ecm29 +0.02% SDS

Figure 4. Exchange of Ecm29 promoter to eliminate differential transcription of Ecm29. (a,b) The
endogenous promoter of Ecm29 was replaced with the GPD promoter. This exchange causes a strong
overexpression of Ecm29 that drives binding of Ecm29 to all most all wild type proteasomes'*'’, as is seen in

the immunoblot of total lysates. Native gel analyses of total lysate can visualize presence of Ecm29 on singly and
doubly capped proteasomes because the presence of Ecm29 causes a migrational shift. The presence was also
confirmed by immunoblotting the native gel and probing with an anti-Ecm29 antibody. Even under conditions
of strong overexpression the a.7-A40 strain shows strongly reduced levels of Ecm29 on singly and doubly
capped proteasomes. (c,d) The endogenous promoter of Ecm29 was replaced with the ADH promoter resulting
in weak expression of Ecm29 in wild type as well as in rpt5-A3 strain background. Analyses were identical as for
(a,b). With weak promoter the behavior of Ecm29 in wildtype and mutant strains is very similar to cells with the
endogenous promoter, suggesting the Rpn4-dependent transcriptional regulation of Ecm29 is not essential for
the enrichment of Ecm29 on proteasomes.

is that a lower affinity of Ecm29 for wild type proteasomes can be obscured by strong overexpression of Ecm29.
Ecm?29 levels resulting from GPD promoter are for example substantially higher than any increase resulting from
upregulation of the endogenous locus through the stabilization of Rpn4. Thus, analyses from GPD promoter
driven Ecm29 overexpression results are non-physiological. Therefore, we created strains where Ecm29 expres-
sion is not driven by the very strong GPD promoter, but by the much weaker ADH promoter (Fig. 4c,d). Here,
we still eliminate the Rpn4 feedback loop by replacing the endogenous promoter, but now have a much lower
transcription level of ECM29. Consistent with this, there is less Ecm29 in the cells as compared to wildtype cells
(Fig. 4c). That notwithstanding, the level of Ecm29 in the cell and on the proteasome dramatically increase in
rpt5-A3 cells with the ADH promoter. These cells very much resemble our observations made in rpt5-A3 cells
which have the endogenous promoter. Thus, Rpn4 driven transcriptional upregulation is not required to achieve
increased association of Ecm29 with mutant proteasomes.

a7 phosphorylation is required for Ecm29 interaction with CP.  Seven phosphorylation sites have
been identified in yeast a7%’-%. Interestingly, five of these sites, S258, S263, S264, T278 and T279, are present in
the tail of the a7 that we eliminated. From these, S258, $263, and S264 have been identified multiple times and
also in studies specifically focused on phosphorylation of the proteasome®”*4%43 The phosphorylation of a7 has
been observed in humans as well, suggesting there is a conserved function for this modification*~*¢. CK2 (for-
merly known as casein kinase 2) has been proposed to be responsible for phosphorylation of the serine residues
present with the a7C-terminal tail*”#’. CK2 generally phosphorylates serine residues in an acidic environment*,
which is provided by the acid patch present in the a7 tail. Furthermore, the phosphorylation by CK2 is often
constitutive. This is consistent with the observation that yeast as well as human «7 is present almost exclusively
in the phosphorylated form*®. To test if a7 is phosphorylated under our conditions, we purified proteasomes
and resolved preparations on SDS-PAGE. Gels were stained with CBB and analyzed using the in-gel pro-Q dia-
mond phosphostain. These analyses show a band corresponding to the size of o7 that is strongly phosphorylated.
Consistent with our assignment of a7, this band disappears in the phospho-stain analyses when analyzing protea-
somes from the o7-A40 strain (Fig. 5¢, right panel). Since no band of lower molecular weight appeared, our data
show that o7 is mainly phosphorylated in the C-terminal fragment, as recently suggested®’. To test if T278 and
T289 in a7 are essential for the ability of Ecm29 to bind proteasomes, we eliminated these phosphorylation sites
by making a truncation that removes only 19 residues instead of 40 from a7, keeping the acidic patch and three
serine phosphorylation sites intact, namely S258, S263, and S264. We refer to this mutant as a7-A19 (Fig. 5a).
Ecm?29 is detectable in these strains (Fig. 5b). Proteasomes purified from an a7-A19 strain showed a band of
the expected size on a phospho-stain gel, indicating that the remaining phosphorylation sites are still phospho-
rylated (Fig. 5¢). The levels of Ecm29, as determined by immunobotting, are similar to those of Ecm29 found
associated with wild type proteasome (Fig. 5¢). Thus, Ecm29 binding is mediated by the fragment of the o7 tail
that contains the acidic patch and the serine phosphorylation sites. To test the importance of phosphorylation of
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Figure 5. Binding of Ecm29 to proteasomes depends on the phosphorylation of the C-terminal tail of a7.
(a) Schematic overview of a7 truncations and mutations used. A shorter truncation of the a7 C-terminal tail,
a7-A19 (1-269), was created. This truncation retains the acidic patch as well as three serine phosphorylation
sites (5258, S263 and S264). Mutation of these phosphorylation sites to alanine in this background resulted

in the a7-A19 (S/A) strain. (b) Ecm29 levels in indicated strains was analyzed by immunoblotting of whole
cell lysates using the anti-Ecm29 antibody and an anti-Pgkl antibody as loading control. (c,d) Proteasome
complexes were purified from the indicated strains and equal amount of purified proteasomes were analyzed
on the SDS-PAGE and Coomassie Blue stained or used for immunoblotting to determine level of Ecm29.
Immublots against a7 were used to confirm truncations and immunoblots agains Rpn8 served as loading
control. To determine phosphorylation state, samples resolved by SDS-PAGE were stained with Pro-Q Diamond
Phosphoprotein Gel Staining assay (right panels).

these serine residues, we introduced serine to alanine mutations into the a7-A19 background. The strains with
all three serine residues mutated to alanine (S258A, S263A, S264A) is referred to as a7-A19 (S/A). Proteasomes
purified from a7-A19 (S/A) cells showed no detectable phosphorylation of a7 in our phospho-stained gel assay
(Fig. 5¢). Interestingly, these proteasomes showed dramatic reduction in the amount of Ecm29, having levels
similar to those on a7-A40 derived proteasomes. Consistent with an important role for serine phosphorylation
in the binding, mutations of the serine residues to aspartate retained normal levels of Ecm29 on the proteasomes
(supplementary Fig. 4). Thus, the binding of Ecm29 to proteasomes requires the phosphorylation at serine resi-
dues in the tail of a7.

It is currently unclear if the binding of Ecm29 to mutant proteasomes relies on fundamentally different protea-
some binding sites or if Ecm29 utilizes the same binding sites for binding to wild type and mutant proteasomes.
To test this for the phsophorylated o7 tail, we introduced the a7-A19 (S/A) mutant in the rpt5-A3 background.
Upon purification of proteasomes we observed that mutation of the serines in the rpt5-A3 background still leads
to reduced levels of Ecm29 on proteasomes. Thus, the recruitment of Ecm29 to faulty proteasomes relies on the
ability of Ecm29 to bind to CP as well as RP.

Discussion

Many sites of post-translational modification have been identified on the proteasome®. Some functions for
proteasome phosphorylation have been described, like enhanced degradation of substrates®->, regulation of
proteasome activity in particular compartments®, or regulation of proteasome assembly or stability>>. While
the mechanisms are often unclear, the phosphorylated residues of proteasome subunits have been proposed to
(directly) regulate the proteasomal ATPase activity, state of the CP gate, or the proteolytic active sites. Here, we
report that the phosphorylated tail of a7 is important for binding of the proteasome-associated factor Ecm29.
While it has been suggested that phosphorylation of the a7 tail might leads to a conformational change in RP
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or CP¥, we think this is unlikely based on our data and recent published work*® and propose a direct binding of
Ecm?29 to the a7 tail. Irrespectively, this is the first example where the association of a proteasome interacting
proteins depends on a phosphorylated proteasome subunit.

Often phosphorylation is a transient modification that has a local effect for a limited period of time and affects
only a subset of a particular protein. Both in humans and yeast, however, the phosphorylation of the proteasome
o7 subunit appears to be constitutive, readily detectable, and present on >95% of the 7 subunits**. Ecm29, on
the other hand, is only found on a subpopulation of proteasomes, suggesting that the phosphorylation of 7 is not
the distinguishing factor that determines which proteasomes bind Ecm29. Instead of being a trigger that creates
a binding site for Ecm29, a7 phosphorylation appears to provide a pre-requisite for binding. Consistent with
this model, the kinase that likely phosphorylates a7, CK2, is a constitutive kinase with many substrates in the
cell®”#748_CK2 phosphorylation has for example also been proposed to be a prerequisite for the UBC3 binding to
the F-box receptor 3-TrCP>¢. To identify functions of a7 phosphorylation it will be crucial to identify a cellular
condition where the phosphorylation is reduced. Immature CP could be one such condition, considering Ecm29
is normally only found on mature assembled proteasomes. However, in immature CP o7 is already phosphoryl-
ated (Supplementary Figure 5a). An alternative to identify functions of a7 phosphorylation is the identification
of a phosphatase responsible for the removal of the phospho-groups can provide valuable insight. An important
role for a phosphatase in regulating proteasome function has been reported previously, with UBLCP1 regulating
nuclear proteasomes®, but no yeast ortholog of this phosphatase exists.

The phosphorylation of the a7 tail is important for association of Ecm29 with proteasomes, but it remains
unclear if that is the only function of the phosphorylated tail of a7. Previous studies have reported that in humans
the phosphorylation of a7 is important for regulating the stability of the CP-RP interactions®, but this was not
linked to Ecm29. Ecm29-dependent stabilization of CP-RP is particularly striking in the absence of nucleotide,
where yeast proteasomes would dissociate otherwise. In the absence of Ecm29 a similar stabilization can be
achieved by treating proteasomes with proteasome inhibitors'>. However, this stabilization does not depend on
the tail of a7 (Supplementary Figure 5b). Thus, it remains to be determined if a7 can stabilize CP-RP directly as
well as through Ecm29.

The o7 tail might also serve to bind or recruit other factors besides Ecm29. Several proteins have been reported
to bind to a7, including several ubiquitin-independent proteasome substrates®”*%. The role of the C-terminal tail
here remains to be clarified.

As predicted during the initial identification of Ecm29 as a proteasome associated protein in 2001, and val-
idated herein, Ecm29 binds to both RP and CP'*!*. The identification of these sites provides an important clue
towards the mechanism of Ecm29 recruitment to specific proteasomes subpopulations. Nevertheless, we do not
fully understand why Ecm29 is present in substoichiometric amounts on wild type proteasomes, but is highly
enriched on a variety of proteasome mutants. Ecm29 does not appear to compensate for defects by stabilizing
proteasomes, but instead to specifically bind and inhibit mutant proteasomes'*!”?*. Phenotypically, the effect of
deleting Ecm29 is rather pleiotropic, suggesting it has multiple functions in the cell or becomes a dominant nega-
tive factor under certain conditions. Either way, the mechanisms responsible for enrichment of Ecm29 on mutant
proteasomes are still poorly understood.

Three models have been put forward to explain enrichment of Ecm29 on mutant proteasomes: first,
Rpn4-dependent enrichment!”. In this model, reduced proteasome activity as a result of a mutation in proteas-
ome subunits leads to the accumulation of the unstable transcription factor Rpn4*®. Rpn4 recognizes the PACE
element found in the promoter of Ecm29 as well as many proteasome subunit®. As a result, both proteasome sub-
units and Ecm29 are upregulated. However, Ecm29 upregulation is stronger, thereby causing a relative increase in
Ecm29 as compared to proteasomes'’. Since we observed Ecm29 enrichment on mutant proteasomes in strains
where the endogenous promoter was replaced with the ADH promoter (Fig. 4¢), it is clear that this mechanism is
not solely responsible for proteasomal enrichment of Ecm?29. That said, it probably is an important contributing
factor and other type of proteasome mutants might rely more heavily on this mechanism.

The second model proposes a high affinity of Ecm29 for mutant proteasomes'. This model is consistent with
our observation that strong overexpression of Ecm29 can compensate for a weaker affinity and drive proteasomal
binding of Ecm29 to normal proteasomes. However, weaker promoters, like the ADH promoter, prevent this and
thus result in an almost exclusive accumulation of Ecm29 on mutant proteasomes. Although we lack the molec-
ular insight into a mechanism that would allow for such a difference in affinity, it might involve differences in the
relative position of the Ecm29 binding sites on CP relative to RP.

The interaction between CP and RP has some flexibility as the tails of the Rpt5 has been found to interact
with CP at different positions®. Furthermore, analyses of the different cryoEM structures of the proteasome has
revealed differences in the CP-RP interface that are probably linked to the nucleotide status of the ATPases®2,
Using, three states with reported PDB structures® (S1, a ground state; S2, an intermediate state; S3 an activated,
ATP~S-bound, state) we aligned the o7 subunit to reveal difference in relative position of Rpt5 compared to 7.
We noticed substantial differences in the Rpt5 position (Fig. 6). For example, the distance between a7 1246 and
Rpt5 D209 changes from 32.4 A in the SI state to 42.3 A in the S3 state. This likely indicates the relative position
of the two binding surfaces Ecm29 uses to interact with the proteasome changes depending on the proteasome
conformation. Such changes could explain differences in binding affinity of Ecm29 for particular proteasome
conformations. Consistent with this model, it has been proposed that Ecm29 might bind or trap proteasomes
in the S1 state’, thereby inhibiting proteasomal ATPase activity. Enrichment of Ecm29 on proteasome mutants
could then be a result of increased occupation of a ground state by these mutant proteasomes. However, the
majority of wildtype proteasomes, at least in neurons, appears to be in a ground state®. So, there might be as of yet
uncharacterized states of the proteasome that Ecm29 has high affinity for. This idea is supported by observations
that Ecm29 bound proteasomes have a closed gate, something not observed in the S1 state'*!”*. Furthermore,
proteasomes depleted for nucleotides, a condition that leads to RP-CP dissociation and thus is different from
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Figure 6. Structural changes in the 26 S proteasome at the Ecm29 binding region. Three different
conformations of the mature proteasome®! (4CR2, 4CR3, and CR4) were aligned in Pymol using the a7 domain.
The intermediate state (S2, 4CR3) is depicted in transparent gray, for the other states, S1 (4CR2) and S3 (4CR4)
only the a7 and Rpt5 subunits are depicted in color. The red residues in a7 show the last three resolved residues
(245-247; EIN), the phosphorylated residues that are important for Ecm29 binding extend from here, but are
not resolved. Ecm29 also binds to Rpt5, but the precise site has not been mapped.

S1, show increased Ecm29 binding and Ecm29-dependent stabilization of RP-CP'*'*. Since, many mutants that
accumulate Ecm29 are linked to deficiencies in RP-CP interactions, direct or indirectly, these could accumulate
a different proteasome state!>2021:31,

Alternatively, a higher affinity of Ecm29 to proteasomes could be induced by local changes in the structure,
for example if a mutation of the Rpt5 subunit changes the shape directly or through the nucleotide occupancy of
Rpt5. However, the enrichment of Ecm29 on Rpt5-A3 proteasomes still depends on the ability of Ecm29 to bind
to the phosphorylated o7 tail.

The third model is based on differences in Ecm29 degradation. This model proposes that Ecm29 is degraded
by the proteasome. Hence, any defects in proteasome function result in stabilization of Ecm29 and a subsequent
enrichment of Ecm29 on proteasomes. While this model is simple and elegant, our observations that Ecm29
inhibits proteasomes suggests Ecm29 would prevent its own degradation. Tagged versions of Ecm29 have been
reported to be degraded** and degradations rates could also be influenced by internal disordered regions
are more or less accessible for engagement by the proteasome, like has been shown for other substrates®. Less
availability of such regions when Ecm29 binds mutant proteasomes could dramatically change protein half-life.
However, endogenous Ecm29 has been reported to be stable!”, leaving little support for this model.

In sum, our data show that phospohorylation of the tail of a7 is a prerequisite for the binding of Ecm29 to
proteasomes. Since Ecm29, the extended o7 tail, and the CK2 phosphorylation are found in human as well, this
binding mechanism is likely conserved form yeast to humans. While this suggests that the interaction is regu-
lated by phosphorylation, the conditions leading to the dephosphorylation of a7 and thus dynamic regulation of
Ecm29 binding through phosphorylation remain to be identified.

Methods

Yeast techniques, plasmids and reagents. Yeast strains used are summarized in Table 1. Genomic
manipulation of yeast was done using a PCR based approach®®. Upon transformation of yeast, successful
integration was confirmed by positive PCR for integration and negative PCR for wild type. To make o7-A40, primer
pRL207: 5'-TGC TAC AGG AAG CTA TCG ATT TTG CCC AAA AAG AAA TTA ACT GAG GCG CGC CAC
TTC T-3’ and pRL66: 5-TCA ACT CTT TGG TTC TTC TTA ACG TAT TAT CAG AAT GTC ATC GAT GAA
TTC GAG CTC G-3’ were used. a7-A19 that contains the acidic patch and phosphorylation sites, primers pRL
248:5-TGA CAG TGA TAA CGT CAT GTC CAG TGA TGA TGA AAAT GCT TGA GGC GCG CCA CTT CT-3/
and pRL66, for a7-A19 (S/A) that replaces three Serine to Alanine (S258A, S263A and S264A) from a7 tail
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MAT alys2-801 leu2-3, 2-112

sUB61 ura3-52 his3-A200 trpl-1 3a-c,da-d, | 68
MAT a prel:PRE1-TEV-ProA

sDL135 (HIS3) 2b, 2d 13 (a)
MAT o rpnl1:RPN11-TEV-

sDL133 ProA (HIS3) 2b-c, 5b-d 69

sMK141 MAT o ecm29:TRP 3a-c, 14
MAT o ecm29:TRP

sJR211 rpnll:RPN11-TEVProA 6a (b)
(HIS3)
MAT o ecm29:TRP

sJR544 rpt5:RPT5A3 (HYG) 3a-c 3
MAT A rpt5:RPT5A3 (HYG)

sJR552 rpnl11:RPN11-TEVProA 23
(HIS3)

sJR556 MAT A rpt5:RPT5A3 (HYG) | 3a-c, 4c-d, 23

sJR768 i\;[(g?\lt)l prel0:PREI0A40 3a-c,4a-b | (ab)
MAT « prel0:PRE10A40

sJR770 (KAN) prel:PRE1-TEVProA 2b,2d (a,b)
(HIS3)
MAT A prel0:PRE10A40

sJR805 (KAN) rpt5:RPT5A3 (HYG) Ja-c, (ab)
MAT « prel0:PRE1I0A

sJR810 40 (KAN) rpn11::RPN11- 2b-¢,5b-d | (a,b)
TEVPro (HIS3)

SJR816 MAT A ecm29:: pADH-H,- deed )

MYC-ECM29 (NAT)
MAT A ecm29:: pADH-
sJR820 H,-MYC-ECM29 (NAT) 4c-d (b)
rpt5:RPT5A3 (HYG)
MAT o ecm29:TRP
sJR822 prel0:PRE10A40 (KAN) 6a (a,b)
rpnl1:RPN11-TEVPro (HIS3)

MAT A ecm29:: pGPD-H,-

SJR839 MYC-ECM29 (NAT) 4a-b ®
MAT A prel0:PRE10A40

sJR840 (KAN) ecm29:: pGPD-H,- 4a-b (a,b)
MYC-ECM29 (NAT)
MAT A umplA

STR856 prel10:PREI0A40 (HIS3) Ja-cda-d | (b)
MAT « prel0:PREI0A

sJR884 19(KAN) rpnl11:RPN11- 5b-c (a,b)
TEVPro (HIS3)
MAT « prel0:PREI0A

sJR887 19(S/A) (KAN) 5b—c (a,b)

rpnl1:RPN11-TEVPro (HIS3)

MAT « prel0:PREI0A
sJR888 19(S/D) (KAN) (a,b)
rpnll1:RPN11-TEVPro (HIS3)

MAT « prel0:PRE10A
19(S/A) (KAN) rpt5:RPT5A

SJRO1L 3 (HYG) rpnl1:RPN11- >d ®)
TEVProA (HIS3)
MAT « prel0:PRE10A19
(KAN) rpt5:RPT5A3 (HYG)
STRI12 rpnl1:RPN11-TEVProA >d (a.b)
(HIS3)
umplA MAT A umplA 3a-c,4a-d | 70%*
Umpl-TAp | MAT A umpl:UMPI-CBP- N .

TEV-ZZ- (His3MX6)

Table 1. Strains used in this study. *In the BY4741 background (MAT o his3A1 leu2/A0 met15A0 ura3A0).
*PREI encodes for the proteasome subunit 34 and PREI0 for 7. *This study. All strains have background
genotype (lys2-801 leu2-3, 2-112 ura3-52 his3-A200 trp1-1), with the exception of the ump1 manipulated
strains indicated with*.

pRL319: 5'-ATC GAT TTT GCC CAA AAA GAA ATT AAC GGC GAT GAT GAC GAG GAC GAA GAT GAC
GCG GAT AAC GTC ATG GCG GCC GAT GAT GAA AAT GCT TGA GGC GCG CCA CTT CT-3’ and pRL
66 were used. To make a7-A19 (S/D) that represents the phospho mimic (S258D, S263D and S264D), pRL320:
5'-ATC GAT TTT GCC CAA AAA GAA ATT AAC GGC GAT GAT GAC GAG GAC GAAG ATG ACG ACG
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ATA ACG TCA TGG ATG ACG ATG ATG AAA ATG CTT GAG GCG CGC CAC TTC T-3' and pRL66 were
used. All truncations and point mutations were confirmed by PCR followed by sequencing. To delete C-terminal
last three amino acids from Rpt5 subunit, pRLS2-Rpt5: 5-AAT ATG TAG ATA TGT GAA TGG CGG CTT
GAT AAA TCA AAA TAT TAT TAT TTA TCG ATG AAT TCG AGC TCG-3' and pRLS3-Rpt5-A3: 5'-TCG
TTG AGG GTA TAA GTG AAG TTC AAG CAA GAA AAT CGA AAT CGG TAT CCT AGG GCG CGC CAG
ATC TGT T-3' were used. The templates used for the PCR reactions indicated above were pFA61-3HA-kanMX6
(KAN) and pYM24 (HYGRO), primers were designed to eliminate the 3-HA tags.

Ecm29 promoter changes were done by using pRL194: 5/-TCT CCA CGA GCT GTT TTT CTT TCG CTT
CGT CAG AAG AAA TGG A TC CGG AAT GGT GAT GGT GAT GGT GGT GCA TCG ATG AAT TCT CTG
TCG-3" and pfEcm?29 Ntag s1: 5'-CAA TAA TTA TAG AAA AGT TTC TAT TTC ACC ACG AAC AAC ATT
CGT ACG CTG CAG GTC GAC-3’ with pYM-N15 to add GPD overexpression promoter. To add ADH weak
expression promoter to Ecm29, pYM-N7 was used with pRL194 and pfEcm29-Ntag-s1. Integrations, truncations
and mutations were confirmed by PCR and sequencing.

Antibodies used forimmunoblots. Ecm29 and Rpn8 were detected using polyclonal antibody (generous
gift by Dan Finley, Harvard Medical School, Boston, MA). Anti-a7 monoclonal antibody and anti-Blm10 poly
clonal antibody were purchased from Enzo Life Sciences and anti-Pgkl monoclonal antibody was purchased
from Invitrogen. Peroxidase-conjugated secondary antibodies were purchased from Jackson Immunoresearch
Laboratories.

Proteasome purification. Specific yeast strains were grown overnight in 2 to 3 liter of YPD media (final
Agpo ~ 10.0). Cells were collected and washed with H,O. Pellets were resuspended in 1.5 pellet volume of lysis
buffer (50 mM Tris [pH8.0], 5mM MgCl,, 1 mM EDTA, and 1 mM ATP) and lyzed using a French Press at 1200
Psi. Lysates were cleared by centrifugation (10,000 g; 30 minutes) and the supernatant was filtered through cheese-
cloth. Concentration of cell lysate was measured using NanoDrop 2000 Spectrophotometer using the Protein
A,g program and cell lysate equivalent to 50 g of protein was boiled with 1X SDS-PAGE sample buffer for
5 minutes at 96 °C. Next, samples were resolved on 11% SDS-PAGE. For proteasome purification cell lysate were
filtered through cheesecloth prior to incubation with IgG beads (MP Biomedical; 0.75 ml resin bed volume per 25
gram of cell pellet). After 1 hour of incubation (rotating at 4°C), IgG beads were collected in an Econo Column
(Bio-Rad) and washed with 50 bed volumes of ice-cold wash bufter (50 mM Tris [pH 7.5], 5mM MgCl,, 50 mM
NaCl, 1 mM EDTA, 1 mM ATP). Next, material was washed with 20 bed volumes of cleavage buffer (50 mM Tris
[pH 7.5], 5mM MgCl,, 1 mM DTT, and 1 mM ATP). Bead-bound proteasome complex was eluted by incubation
with His-Tev protease (Invitrogen). The protease was removed by incubation with talon resin (Goldbio) prior to
concentrating the proteasome complexes using 100kDa concentrator (PALL Life Sciences). Purified proteasome
were resolved on SDS-PAGE or on native gel as described previously®”. To store samples, 5% final concentration
glycerol was added and samples were stored at —80°C.

For core particle purification proteasome bound IgG beads were incubated with 5 bed volumes of wash buffer
containing 500 mM NaCl for 1 hr at 4°C under constant rotation. After incubation, the beads were washed with
50 bed volumes of wash buffer with 500 mM NaCl. Elution and concentration of core particle complexes were as
described above for proteasome complexes.

Yeast phenotypes. Indicated strains were incubated in 3 ml of YPD for overnight at 30 °C. Next day, cells
equivalent to 1.0 at ODg, were collected and washed with 100 pl sterile water. Cell pellet is then resuspended in
133l of sterile water and 4-fold serial dilutions were made in sterile water in 96 well plate. Diluted cells were then
spotted on the indicated plates and incubated at indicated temperatures. Growth was monitored for 3 days on
YPD plates and for 5-6 days on synthetic media plates.

Fluorescent phospho- and Coomassie Blue staining. 10pg Proteasome complex purified from the
indicated samples were mixed with the 6X loading buffer and boiled for 5 minutes at 95 °C. Boiled samples were
cooled to room temperature and resolved on 11% SDS-PAGE gel. To detect the phosphorylated proteins, gel
was subjected to fluorescent photo staining by using ProQ Diamond Phosphoprotein Gel Stain according to the
manufacturer’s recommendations (Life Technologies) and scanned with a Typhoon-9410 imager from Amersham
Biosciences (excitation at 532 nm and an emission filter of 560 nm longpass). After destaining, the gel was treated
with Coomassie Blue and imaged using a Gbox image system (SynGene) with GeneSnap software.

Apyrase assay. Proteasome purified from the indicated strains were inhibited using 200 nM of Epoxomicin
at 30 °C for 30 minutes. Both inhibited and non-inhibited proteasome samples are then subjected to apyrase
treatment for 45 minutes at 30 °C by adding apyrase (Sigma) at a final concentration of 20 mU/pl in buffer (50 mM
Tris-HCI [pH 7.5], 5mM MgCl,, 0.25mM ATP). Samples are then analyzed on native gels followed by in-gel
activity assay using LLVY-AMC as substarte. Next, protein resolved in gel were transfered to pvdf membrane as
described previously and used for immunoblotting*.

References

1. Finley, D., Ulrich, H. D., Sommer, T. & Kaiser, P. The ubiquitin-proteasome system of Saccharomyces cerevisiae. Genetics 192,
319-360, doi: 10.1534/genetics.112.140467 (2012).

2. Shi, Y. et al. Rpn1 provides adjacent receptor sites for substrate binding and deubiquitination by the proteasome. Science 351,
doi: 10.1126/science.aad9421 (2016).

3. Finley, D., Chen, X. & Walters, K. J. Gates, Channels, and Switches: Elements of the Proteasome Machine. Trends Biochem Sci 41,
77-93, doi: 10.1016/j.tibs.2015.10.009 (2016).

4. Bedford, L., Paine, S., Sheppard, P. W,, Mayer, R. J. & Roelofs, . Assembly, structure, and function of the 26S proteasome. Trends Cell
Biol 20, 391-401, doi: 10.1016/.tcb.2010.03.007 (2010).

SCIENTIFICREPORTS | 6:27873 | DOI: 10.1038/srep27873 11



www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

20.
21.
22.

23.

24.
25.
26.
27.
28.
29.

30.
. Harshbarger, W., Miller, C., Diedrich, C. & Sacchettini, J. Crystal structure of the human 20S proteasome in complex with

32
33.
34.

35.

36.
37.
38.
39.
40.
41.
42.

43.

. Tomko, R. J., Jr. & Hochstrasser, M. Molecular architecture and assembly of the eukaryotic proteasome. Annu Rev Biochem 82,

415-445, doi: 10.1146/annurev-biochem-060410-150257 (2013).

. Wani, P. S., Rowland, M. A., Ondracek, A., Deeds, E. . & Roelofs, J. Maturation of the proteasome core particle induces an affinity

switch that controls regulatory particle association. Nat Commun 6, 6384, doi: 10.1038/ncomms7384 (2015).

. Kock, M. et al. Proteasome assembly from 158 precursors involves major conformational changes and recycling of the Pbal-Pba2

chaperone. Nat Commun 6, 6123, doi: 10.1038/ncomms7123 (2015).

. Roelofs, J. et al. Chaperone-mediated pathway of proteasome regulatory particle assembly. Nature 459, 861-865, doi: 10.1038/

nature08063 (2009).

. Barrault, M. B. et al. Dual functions of the Hsm3 protein in chaperoning and scaffolding regulatory particle subunits during the

proteasome assembly. Proc Natl Acad Sci USA 109, E1001-1010, doi: 10.1073/pnas.1116538109 (2012).

Ehlinger, A. et al. Conformational dynamics of the rpt6 ATPase in proteasome assembly and rpn14 binding. Structure 21, 753-765,
doi: 10.1016/j.5tr.2013.02.021 (2013).

Park, S. et al. Reconfiguration of the proteasome during chaperone-mediated assembly. Nature 497, 512-516, doi: 10.1038/
naturel2123 (2013).

Schmidt, M., Hanna, J., Elsasser, S. & Finley, D. Proteasome-associated proteins: regulation of a proteolytic machine. Biol Chem 386,
725-737, doi: 10.1515/BC.2005.085 (2005).

Leggett, D. S. et al. Multiple associated proteins regulate proteasome structure and function. Mol Cell 10, 495-507, doi: 10.1016/
$109727650200638X [pii] (2002).

De La Mota-Peynado, A. et al. The Proteasome-associated Protein Ecm29 Inhibits Proteasomal ATPase Activity and in Vivo Protein
Degradation by the Proteasome. ] Biol Chem 288, 29467-29481, doi: 10.1074/jbc.M113.491662 (2013).

Kleijnen, M. E. et al. Stability of the proteasome can be regulated allosterically through engagement of its proteolytic active sites. Nat
Struct Mol Biol 14, 1180-1188, doi: 10.1038/nsmb1335 (2007).

Kajava, A. V,, Gorbea, C,, Ortega, J., Rechsteiner, M. & Steven, A. C. New HEAT-like repeat motifs in proteins regulating proteasome
structure and function. J Struct Biol 146, 425-430, doi: 10.1016/j.jsb.2004.01.013 (2004).

Park, S., Kim, W,, Tian, G., Gygi, S. P. & Finley, D. Structural defects in the regulatory particle-core particle interface of the
proteasome induce a novel proteasome stress response. ] Biol Chem 286, 3665236666, doi: 10.1074/jbc.M111.285924 (2011).
Wang, X., Yen, J., Kaiser, P. & Huang, L. Regulation of the 26S proteasome complex during oxidative stress. Sci Signal 3, ra88, doi:
10.1126/scisignal.2001232 (2010).

Gorbea, C., Goellner, G. M., Teter, K., Holmes, R. K. & Rechsteiner, M. Characterization of mammalian Ecm29, a 26S proteasome-
associated protein that localizes to the nucleus and membrane vesicles. ] Biol Chem 279, 54849-54861, doi: 10.1074/jbc.M410444200
(2004).

Gorbea, C. et al. A protein interaction network for Ecm29 links the 26S proteasome to molecular motors and endosomal
components. ] Biol Chem 285, 31616-31633, doi: 10.1074/jbc.M110.154120 (2010).

Gorbea, C., Rechsteiner, M., Vallejo, J. G. & Bowles, N. E. Depletion of the 26S proteasome adaptor Ecm29 increases Toll-like
receptor 3 signaling. Sci Signal 6, ra86, doi: 10.1126/scisignal.2004301 (2013).

Hsu, M. T. et al. Stage-Dependent Axon Transport of Proteasomes Contributes to Axon Development. Dev Cell 35, 418-431,
doi: 10.1016/j.devcel.2015.10.018 (2015).

Lee, S. Y., De la Mota-Peynado, A. & Roelofs, J. Loss of Rpt5 protein interactions with the core particle and Nas2 protein causes the
formation of faulty proteasomes that are inhibited by Ecm29 protein. J Biol Chem 286, 36641-36651, doi: 10.1074/jbc.M111.280875
(2011).

Lehmann, A., Niewienda, A., Jechow, K., Janek, K. & Enenkel, C. Ecm29 Fulfils Quality Control Functions in Proteasome Assembly.
Molecular Cell 38, 879-888, doi: 10.1016/j.molcel.2010.06.016 (2010).

Panasenko, O. O. & Collart, M. A. Not4 E3 ligase contributes to proteasome assembly and functional integrity in part through
Ecm29. Molecular and Cellular Biology 31, 1610-1623, doi: 10.1128/mcb.01210-10 (2011).

Tian, G. et al. An asymmetric interface between the regulatory and core particles of the proteasome. Nat Struct Mol Biol 18,
1259-1267, doi: 10.1038/nsmb.2147 (2011).

Lander, G. C. et al. Complete subunit architecture of the proteasome regulatory particle. Nature 482, 186-191, doi: 10.1038/
nature10774 (2012).

Lasker, K. et al. Molecular architecture of the 26S proteasome holocomplex determined by an integrative approach. Proc Natl Acad
Sci USA 109, 1380-1387, doi: 10.1073/pnas.1120559109 (2012).

Beck, F. et al. Near-atomic resolution structural model of the yeast 26S proteasome. Proc Natl Acad Sci USA 109, 14870-14875, doi:
10.1073/pnas.1213333109 (2012).

Groll, M. et al. Structure of 20S proteasome from yeast at 2.4 A resolution. Nature 386, 463-471, doi: 10.1038/386463a0 (1997).

carfilzomib. Structure 23, 418-424, doi: 10.1016/j.5tr.2014.11.017 (2015).

Schmidt, M. et al. The HEAT repeat protein Blm10 regulates the yeast proteasome by capping the core particle. Nat Struct Mol Biol
12, 294-303, doi: 10.1038/nsmb914 (2005).

Forster, A., Masters, E. I., Whitby, E. G., Robinson, H. & Hill, C. P. The 1.9A structure of a proteasome-11S activator complex and
implications for proteasome-PAN/PA700 interactions. Mol Cell 18, 589-599, doi: 10.1016/j.molcel.2005.04.016 (2005).

Rabl, J. et al. Mechanism of Gate Opening in the 20S Proteasome by the Proteasomal ATPases. Molecular Cell 30, 360-368, doi:
10.1016/j.molcel.2008.03.004 (2008).

Gillette, T. G., Kumar, B., Thompson, D., Slaughter, C. A. & DeMartino, G. N. Differential roles of the COOH termini of AAA
subunits of PA700 (19S regulator) in asymmetric assembly and activation of the 26S proteasome. J Biol Chem 283, 31813-31822, doi:
10.1074/jbc.M805935200 (2008).

Smith, D. M. et al. Docking of the Proteasomal ATPases’ Carboxyl Termini in the 20S Proteasome’s o Ring Opens the Gate for
Substrate Entry. Molecular Cell 27, 731-744, doi: 10.1016/j.molcel.2007.06.033 (2007).

Iwafune, Y., Kawasaki, H. & Hirano, H. Identification of three phosphorylation sites in the alpha7 subunit of the yeast 20S
proteasome in vivo using mass spectrometry. Arch Biochem Biophys 431, 9-15, doi: 10.1016/j.abb.2004.07.020 (2004).

Helbig, A. O. et al. Perturbation of the yeast N-acetyltransferase NatB induces elevation of protein phosphorylation levels. BMC
Genomics 11, 685, doi: 10.1186/1471-2164-11-685 (2010).

Soufi, B. et al. Global analysis of the yeast osmotic stress response by quantitative proteomics. Mol Biosyst 5, 1337-1346, doi:
10.1039/b902256b (2009).

Gnad, . et al. High-accuracy identification and bioinformatic analysis of in vivo protein phosphorylation sites in yeast. Proteomics
9, 4642-4652, doi: 10.1002/pmic.200900144 (2009).

Albuquerque, C. P. et al. A multidimensional chromatography technology for in-depth phosphoproteome analysis. Mol Cell
Proteomics 7, 1389-1396, doi: 10.1074/mcp.M700468-MCP200 (2008).

Swaney, D. L. et al. Global analysis of phosphorylation and ubiquitylation cross-talk in protein degradation. Nat Methods 10,
676-682, doi: 10.1038/nmeth.2519 (2013).

Gersch, M. et al. A mass spectrometry platform for a streamlined investigation of proteasome integrity, posttranslational
modifications, and inhibitor binding. Chem Biol 22, 404-411, doi: 10.1016/j.chembiol.2015.01.004 (2015).

SCIENTIFICREPORTS | 6:27873 | DOI: 10.1038/srep27873 12



www.nature.com/scientificreports/

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Wang, X. et al. Mass spectrometric characterization of the affinity-purified human 26S proteasome complex. Biochemistry 46,
3553-3565, doi: 10.1021/bi061994u (2007).

Claverol, S., Burlet-Schiltz, O., Girbal-Neuhauser, E., Gairin, J. E. & Monsarrat, B. Mapping and structural dissection of human 20S
proteasome using proteomic approaches. Mol Cell Proteomics 1, 567-578 doi: 10.1074/mcp.M200030-MCP200 (2002).

Bose, S., Stratford, E. L., Broadfoot, K. I, Mason, G. G. & Rivett, A. J. Phosphorylation of 20S proteasome alpha subunit C8 (alpha?)
stabilizes the 26S proteasome and plays a role in the regulation of proteasome complexes by gamma-interferon. Biochem ] 378,
177-184, doi: 10.1042/BJ20031122 (2004).

Castano, J. G., Mahillo, E., Arizti, P. & Arribas, J. Phosphorylation of C8 and C9 subunits of the multicatalytic proteinase by casein
kinase II and identification of the C8 phosphorylation sites by direct mutagenesis. Biochemistry 35, 3782-3789, doi: 10.1021/
bi952540s (1996).

Meggio, E. & Pinna, L. A. One-thousand-and-one substrates of protein kinase CK2? FASEB ] 17, 349-368, doi: 10.1096/1j.02-0473rev
(2003).

Sha, Z., Peth, A. & Goldberg, A. L. Keeping proteasomes under control--a role for phosphorylation in the nucleus. Proc Natl Acad
Sci USA 108, 18573-18574, doi: 10.1073/pnas.1115315108 (2011).

Djakovic, S. N., Schwarz, L. A., Barylko, B., DeMartino, G. N. & Patrick, G. N. Regulation of the proteasome by neuronal activity and
calcium/calmodulin-dependent protein kinase II. ] Biol Chem 284, 26655-26665, doi: 10.1074/jbc.M109.021956 (2009).

Zhang, F. et al. Proteasome function is regulated by cyclic AMP-dependent protein kinase through phosphorylation of Rpté. ] Biol
Chem 282, 22460-22471, doi: 10.1074/jbc.M702439200 (2007).

Lokireddy, S., Kukushkin, N. V. & Goldberg, A. L. cAMP-induced phosphorylation of 26S proteasomes on Rpn6/PSMD11 enhances
their activity and the degradation of misfolded proteins. Proc Natl Acad Sci USA 112, E7176-7185, doi: 10.1073/pnas.1522332112
(2015).

Guo, X. et al. Site-specific proteasome phosphorylation controls cell proliferation and tumorigenesis. Nat Cell Biol 18, 202-212, doi:
10.1038/ncb3289 (2016).

Guo, X. et al. UBLCP1 is a 26S proteasome phosphatase that regulates nuclear proteasome activity. Proc Natl Acad Sci USA 108,
18649-18654, doi: 10.1073/pnas.1113170108 (2011).

Satoh, K., Sasajima, H., Nyoumura, K. I., Yokosawa, H. & Sawada, H. Assembly of the 26S proteasome is regulated by
phosphorylation of the p45/Rpt6 ATPase subunit. Biochemistry 40, 314-319, doi: 10.1021/bi001815n (2001).

Semplici, E, Meggio, E, Pinna, L. A. & Oliviero, S. CK2-dependent phosphorylation of the E2 ubiquitin conjugating enzyme UBC3B
induces its interaction with beta-TrCP and enhances beta-catenin degradation. Oncogene 21, 3978-3987, doi: 10.1038/sj.
onc.1205574 (2002).

Sanchez-Lanzas, R. & Castano, J. G. Proteins directly interacting with mammalian 20S proteasomal subunits and ubiquitin-
independent proteasomal degradation. Biomolecules 4, 1140-1154, doi: 10.3390/biom4041140 (2014).

Geng, S., White, S. N., Paine, M. L. & Snead, M. L. Protein Interaction between Ameloblastin and Proteasome Subunit alpha Type 3
Can Facilitate Redistribution of Ameloblastin Domains within Forming Enamel. ] Biol Chem 290, 20661-20673, doi: 10.1074/jbc.
M115.640185 (2015).

Xie, Y. & Varshavsky, A. RPN4 is a ligand, substrate, and transcriptional regulator of the 26S proteasome: a negative feedback circuit.
Proc Natl Acad Sci USA 98, 3056-3061, doi: 10.1073/pnas.071022298 (2001).

Mannhaupt, G., Schnall, R., Karpov, V., Vetter, I. & Feldmann, H. Rpn4p acts as a transcription factor by binding to PACE, a
nonamer box found upstream of 26S proteasomal and other genes in yeast. FEBS Lett 450, 27-34, doi: 10.1016/S0014-
5793(99)00467-6 (1999).

Unverdorben, P. et al. Deep classification of a large cryo-EM dataset defines the conformational landscape of the 26S proteasome.
Proc Natl Acad Sci USA 111, 5544-5549, doi: 10.1073/pnas.1403409111 (2014).

Matyskiela, M. E., Lander, G. C. & Martin, A. Conformational switching of the 26S proteasome enables substrate degradation. Nat
Struct Mol Biol 20, 781-788, doi: 10.1038/nsmb.2616 (2013).

Asano, S. et al. Proteasomes. A molecular census of 26S proteasomes in intact neurons. Science 347, 439-442, doi: 10.1126/
science.1261197 (2015).

Fishbain, S. et al. Sequence composition of disordered regions fine-tunes protein half-life. Nat Struct Mol Biol 22, 214-221, doi:
10.1038/nsmb.2958 (2015).

Goldstein, A. L. & McCusker, J. H. Three new dominant drug resistance cassettes for gene disruption in Saccharomyces cerevisiae.
Yeast 15, 1541-1553, doi: 10.1002/(SICI)1097-0061(199910)15:14<1541::AID-YEA476>3.0.CO;2-K (1999).

Longtine, M. S. et al. Additional modules for versatile and economical PCR-based gene deletion and modification in Saccharomyces
cerevisiae. Yeast 14, 953-961, doi: 10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U (1998).

Elsasser, S., Schmidt, M. & Finley, D. Characterization of the Proteasome Using Native Gel Electrophoresis. Methods in Enzymology
398, 353-363, doi: 10.1016/s0076-6879(05)98029-4 (2005).

Finley, D., Ozkaynak, E. & Varshavsky, A. The yeast polyubiquitin gene is essential for resistance to high temperatures, starvation,
and other stresses. Cell 48, 1035-1046, doi: 10.1016/0092-8674(87)90711-2 (1987).

Leggett, D. S., Glickman, M. H. & Finley, D. Purification of proteasomes, proteasome subcomplexes, and proteasome-associated
proteins from budding yeast. Methods Mol Biol 301, 57-70, doi: 10.1385/1-59259-895-1:057 (2005).

Brachmann, C. B. et al. Designer deletion strains derived from Saccharomyces cerevisiae S288C: a useful set of strains and plasmids
for PCR-mediated gene disruption and other applications. Yeast 14, 115-132, doi: 10.1002/(SICI)1097-0061(19980130)14:2<
115:AID-YEA204>>3.0.CO;2-2 (1998).

Acknowledgements

We thank Daniel Finley, John Hanna, Alina De La Mota-Peynado, and members of the Roelofs lab for discussions
and feedback on the manuscript. This research was supported in part by grants from National Institute of General
Medical Sciences of the National Institutes of Health to J.R. [IR15GM112142-01A1, 1IR01GM118660-01 and an
Institutional Development Award (IDeA) P20 GM103418 ] and by the Johnson Cancer Research Center.

Author Contributions
PS.W, AS,, X.C., A.O. and J.R. performed the experiments and constructed the yeast strains. Studies were
conceived by PS.W. and J.R. Manuscript was written by P.S.W., A.S. and J.R. with input from all authors.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

SCIENTIFICREPORTS | 6:27873 | DOI: 10.1038/srep27873 13


http://www.nature.com/srep

www.nature.com/scientificreports/

How to cite this article: Wani, P. S. et al. Phosphorylation of the C-terminal tail of proteasome subunit a7 is
required for binding of the proteasome quality control factor Ecm29. Sci. Rep. 6,27873; doi: 10.1038/srep27873
(2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

2 or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:27873 | DOI: 10.1038/srep27873 14


http://creativecommons.org/licenses/by/4.0/

	Phosphorylation of the C-terminal tail of proteasome subunit α7 is required for binding of the proteasome quality control f ...
	Results

	α7 subunit of CP as putative binding partner for Ecm29. 
	C-terminal tail of α7 subunit is important for Ecm29 binding to the proteasome. 
	Effect of α7 C-terminal tail truncation in vivo. 
	α7 phosphorylation is required for Ecm29 interaction with CP. 

	Discussion

	Methods

	Yeast techniques, plasmids and reagents. 
	Antibodies used for immunoblots. 
	Proteasome purification. 
	Yeast phenotypes. 
	Fluorescent phospho- and Coomassie Blue staining. 
	Apyrase assay. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ α7 as the putative binding site for Ecm29.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The C-terminal tail of the α7 is required for the binding of Ecm29 to the proteasome.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ The α7 C-terminal tail is important for Ecm29 proteasomal association in vivo.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Exchange of Ecm29 promoter to eliminate differential transcription of Ecm29.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Binding of Ecm29 to proteasomes depends on the phosphorylation of the C-terminal tail of α7.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Structural changes in the 26 S proteasome at the Ecm29 binding region.
	﻿Table 1﻿﻿. ﻿  Strains used in this study.



 
    
       
          application/pdf
          
             
                Phosphorylation of the C-terminal tail of proteasome subunit α7 is required for binding of the proteasome quality control factor Ecm29
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27873
            
         
          
             
                Prashant S. Wani
                Anjana Suppahia
                Xavier Capalla
                Alex Ondracek
                Jeroen Roelofs
            
         
          doi:10.1038/srep27873
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27873
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27873
            
         
      
       
          
          
          
             
                doi:10.1038/srep27873
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27873
            
         
          
          
      
       
       
          True
      
   




