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Summary

Polyubiquitin is a diverse signal both in terms of chain length and linkage type. Lysine48-linked
ubiquitin is essential for marking targets for proteasomal degradation but the significance and relative
abundance of different linkages remain ambiguous. Here we dissect the relationship of two
proteasome-associated polyubiquitin-binding proteins, Rpn10 and Dsk2, and demonstrate how
Rpn10 filters Dsk?2 interactions, maintaining proper function of the ubiquitin-proteasome system.
Using quantitative mass spectrometry of ubiquitin, we found that in S. cerevisiae under normal
growth conditions the majority of conjugated ubiquitin was linked via lysine48 and lysine63. In
contrast, upon DSK2 induction, conjugates accumulated primarily in the form of lysine48-linkages
correlating with impaired proteolysis and cytotoxicity. By restricting Dsk2 access to the proteasome,
extraproteasomal Rpn10 was essential for alleviating the cellular stress associated with Dsk2. This
work highlights the importance of polyubiquitin shuttles such as Rpn10 and Dsk2 in controlling the
ubiquitin landscape.

INTRODUCTION

The ubiquitin-proteasome system (UPS) is by far the major regulatory mechanism for
controlling cellular protein turnover (Glickman and Ciechanover, 2002). Within this pathway,
a series of enzymes catalyze formation of an amide bond between the terminal carboxyl of
ubiquitin (Ub) and an amino group on the substrate. This modification can be extended into a
polyubiquitin (polyUb) chain by subsequent attachment of the carboxy-terminus of one Ub to
a lysine residue on an earlier one. Recent mass spectrometry experiments have indicated that
Ub chains in the cell can be formed through all seven lysine residues within Ub (Lys6, Lys11,
Lys27, Lys29, Lys33, Lys48, and Lys63) as well as through its N-terminus in a head-to-tail
fashion (Kirisako et al., 2006; Peng et al., 2003). Lys48-linked polyUb chains are the most
extensively studied, and are documented to regulate the bulk of cellular protein turnover by
targeting substrates to the 26S proteasome for degradation (lkeda and Dikic, 2008). Lys63-
linked chains are known to regulate DNA repair, signal transduction, and endocytosis, are
recognized by the proteasome and can sustain substrate degradation (Ikeda and Dikic, 2008;
Thrower et al., 2000), although the relative contribution of these chains to bulk degradation in
cells is not known. Ub chains linked through Lys11 and Lys29 have been shown to support
degradation in certain contexts (Ikeda and Dikic, 2008). There is evidence also for linkages
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via Lys6, Lys29, Lys33 or Lys63 of Ub, but the relative abundance and purpose of these
"alternative” chains remains unclear (lkeda and Dikic, 2008).

One essential feature of the UPS is that the proteasome must have the ability to recruit or
recognize polyubiquitinated substrates. The paradigm of proteasome-associated Ub receptors
is Rpn10/S5a, an intrinsic proteasome subunit that binds to polyUb chains through its hallmark
ubiquitin-interacting motif (UIM) (Deveraux et al., 1994; Fu et al., 1998; van Nocker et al.,
1996). Even though a significant portion of polyUb-binding capacity within purified
proteasomes has been attributed to Rpn10 (Elsasser et al., 2004; Elsasser et al., 2002; Verma
et al., 2004), this protein is not essential for proteasomal degradation of all ubiquitinated
substrates or for viability in yeast (Mayor et al., 2007; Mayor et al., 2005), in line with other
proteasome subunits participating in anchoring of Ub chains (Husnjak et al., 2008).

Another interesting property of Rpn10 is that in addition to being an intrinsic proteasome
subunit, a large portion is found in a proteasome-unassociated pool (Fu et al., 1998) raising the
possibility that it may also function as a polyUb shuttle. Additional proteins have been proposed
to serve as shuttles as well. The most prominent ones contain a ubiquitin-like (Ubl) domain at
one end and ubiquitin-associated (UBA) domain at the other, through which they bind the
proteasome and ubiquitinated substrates respectively. Members of this Ubl-UBA family
include Rad23/hHR23, Dsk2/hPLIC/ubiquilin and Ddi1, though most conclusions as to their
mode of action arise from the research on Rad23 (Chen and Madura, 2002; Chen et al.,
2001; Elsasser et al., 2002; Funakoshi et al., 2002; Kleijnen et al., 2000; Lambertson et al.,
1999; Ortolan et al., 2000; Saeki et al., 2002a; Saeki et al., 2002b; Seok Ko et al., 2004; Walters
etal., 2002; Wilkinson et al., 2001). Other proteins fulfilling diverse cellular functions are also
known to bear a Ubl domain by which they are targeted to the proteasome, as is the case with
the deubiquitinating enzyme Ubp6 or the Ub ligase Parkin (Upadhya and Hegde, 2003).

Despite suggestions that Ub shuttles support degradation, evidence from both in vitro and in
vivo studies indicate that they can also, paradoxically, oppose UPS activity (Chen and Madura,
2002; Chen et al., 2001; Funakoshi et al., 2002; Hartmann-Petersen et al., 2003; Kleijnen et
al., 2000; Raasi and Pickart, 2003). In vitro, Rad23 displays a concentration dependent
inhibitory effect on polyUb-chain formation (Ortolan et al., 2000). Likewise, both Rpn10 and
Rad23 effectively protect model substrates from proteolysis (Deveraux et al., 1995; Raasi and
Pickart, 2003; Verma et al., 2004). In vivo, overexpression of RAD23 can inhibit the
degradation of model substrates in yeast (Ortolan et al., 2000), while hPLIC can prevent
degradation of physiological substrates including p53 and IxB in mammalian cells (Kleijnen
et al., 2000). The combined data suggests that the true function of Ubl-UBA proteins may be
beyond shuttling their cargo to the proteasome.

A growing body of evidence indicates that a convoluted network of physical and functional
overlap exists amongst the Ub-binding proteins. Rad23 was shown to function in parallel to
Rpn10, with the rad23rpn10 double deletion mutant strain exhibiting severe growth defects,
sensitivity to cellular stress, cell cycle delays, accumulation of Ub conjugates and failure to
degrade a Ub-fusion (UFD) pathway substrate (Elsasser et al., 2004; Lambertson et al.,
1999; Vermaetal., 2004). Similarly, Rad23 and Dsk2 are both involved in UFD, ER-associated
degradation (ERAD), spindle pole body duplication and in delivery of polyubiquitinated
substrates to the proteasome (Biggins et al., 1996; Lambertson et al., 1999; Medicherla et al.,
2004; Saeki et al., 2002a). Besides the genetic and functional interactions, physical interactions
have been reported between S5a and either hPLIC-2 or hHR23A (Kleijnenetal., 2003; Kleijnen
et al., 2000; Walters et al., 2002; Walters et al., 2003). This regulatory complexity makes the
UPS a common target for dysregulation in human disease. Thus, the individual properties and
interplay between these multi-tasking proteins is a primary issue in understanding the proper
function and pathological dysfunctions of the Ub-proteasome system.
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Although the Ub shuttles display features indicative of functional overlap such as competition
for binding to Ub-modified targets, they are not completely redundant, as no single shuttle can
fully complement the loss of another (Lambertson et al., 1999; Saeki et al., 2002a; Verma et
al., 2004; Wilkinson et al., 2001). Such data indicate that the receptors must display some level
of substrate-specificity in the degradation process. To start unraveling this complex network,
we sought to identify and exploit features which made individual receptors unique. Of
particular interest, overexpression of DSK2 causes overt cytotoxicity through a yet unknown
mechanism. We found that Rpn10 plays a key role in attenuating the toxicity associated with
DSK2 overexpression by influencing the ability of Dsk2 to access the proteasome. Our data
suggest that the biological significance of Rpn10 extends beyond the proteasome itself,
defining the hierarchy of proteasome-associated Ub receptors through extraproteasomal
protein-protein interactions.

Overdose of DSK2 dysregulates the ubiquitin-proteasome pathway

It has been previously noted that high abundance of DSK2 is toxic to cells and may interfere
with cell cycle progression at metaphase (Biggins et al., 1996; Funakoshi et al., 2002; He et
al., 1998). To assess whether this is a general property of proteasome-associated Ub receptors,
we compared viability of cells overexpressing DSK2, RAD23 or RPN10. We found cytotoxicity
of DSK2 to be a unique property not shared with overexpression of other genes encoding
polyUb shuttles (Fig 1A). Only induction of full length DSK2 but not of either of its two
domains individually caused this toxicity (Fig 1B), even though all versions were successfully
induced (Fig 1C, and Supp Fig 1). This Dsk2-mediated toxicity coincided both with a substrate-
specific effect as well as with a more general impairment of the UPS. We examined the effect
of DSK2 overexpression on the turnover of CPY*, a protein shown to be a substrate of Dsk2-
mediated degradation (Medicherla et al., 2004), and found the biological turnover of CPY* to
be significantly delayed (Fig 1D). Global UPS impairment was observed as an increase in the
high molecular weight (HMW) Ub-conjugates (Fig. 1E). These observations point to the
pervasive interference of unregulated Dsk2 with the normal function of the Ub-proteasome
system.

DSK2 overexpression uniquely alters cellular ubiquitin-linkage profiles

Accumulation of Ub in HMW conjugates allowed us to examine the effects of Dsk2 on the
linkage profile. Recently, a method has been introduced which allows for the quantitative
analysis of each of the polyUb linkage forms using mass spectrometry and stable isotope
labeled internal standard peptides. This method, termed Ub-AQUA (Absolute
QUAntification), has previously been used to characterize Ub conjugated to individual protein
substrates (Huang et al., 2006; Kirkpatrick et al., 2006). Adapting this approach, we chose to
quantify Ub linkages directly from whole cell extracts and thus characterize the Ub profile in
a global rather than substrate-specific manner.

Whole cell extracts from wild type, dsk2 null or DSK2 overexpressing cells were rapidly lysed
and resolved by gradient SDS-PAGE (Fig 2A). The majority of conjugated Ub was observed
to migrate above 180 kDa indicating that it is in the form of HMW conjugates (as in Fig 1E).
The corresponding gel region was subjected to Ub AQUA. The absolute amount of HMW
conjugated Ub in wild type and 4dsk2 extracts was similar. Interestingly, a near 4-fold increase
in HMW conjugated Ub was measured after 3 hours of DSK2 overexpression (Fig 2B), in
accord with Ub-immunoblot results (Fig 1E).

In addition to determining the total levels of conjugated Ub, quantitative information was also
obtained on each of the possible linkages. We found that under our experimental conditions
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the two most prevalent linkage-types in minimally treated whole cell extract were Lys48-linked
and Lys63-linked chains, approximately equally abundant in extracts from wild type or
Adsk2 cells (Fig 2C). A small percentage of linkages via Lys29 of Ub was consistently found
in all our samples, but did not change in response to any of the conditions we tested; therefore
in the remainder of this study we focused on the ratio of Lys48 to Lys63 linkages. The
prevalence of Lys48 chains was documented in preparations of captured polyUb (Bennett et
al., 2007;Peng et al., 2003;Xu et al., 2006) but no such data have been reported using a direct
measurement in whole cell lysates as we do herein. In response to DSK2 induction, the ratio
of Lys48 to Lys63 linkages increased to greater than three, corresponding with an increase in
the linkages through Lys48 (Fig 2C). These results indicate that Dsk2 acts as a potent cellular
factor capable of influencing the nature of the Ub pool.

The overt effect of Dsk2 levels on Ub conjugates may be correlated with its cytotoxicity (Fig
1, 2). Consistently, cells expressing DSK2Yb! or DSK24Yb! displayed linkage profiles that were
indistinguishable from wild type (Fig 2D). These properties appear to be somewhat specific to
Dsk2, as no cytotoxicity or perturbation of cellular linkage profile was measured upon deletion
or induction of RAD23 (Fig 2E).

RPN10 mitigates DSK2-mediated toxicity

The pleiotropic effects of elevated Dsk2 levels are typical of defects in the UPS. And yet,
incongruously, a number of proteasome mutants are known to mitigate the cytotoxicity of high
abundance Dsk2 ((Biggins et al., 1996; Funakoshi et al., 2004; Funakoshi et al., 2002) and Fig
3A). We found one proteasome mutant particularly adept in suppressing DSK2 overexpression,
rpnll1-1 (previously known as mprl-1; Fig 3A). This mutant exhibits elevated levels of
proteasome subunits (Fig 3B), presumably as a compensation for inherent proteolytic defects
documented in this mutant strain (Rinaldi et al., 2004). Since Rpn10 is known to function as
a proteasomal ubiquitin receptor, we tested whether deletion of RPN10 is also able to rescue
elevated DSK2. In contrast to rpnl1-1, deletion of RPN10 did not rescue these cells (Fig 3C).
Rpn10 is an atypical proteasome subunit, as a portion of cellular Rpn10 resides in an
extraproteasomal pool (Fu et al., 2001). Thus, we tested whether a shortage of utilizable Ub,
a consequence of tying up Ub in conjugates (Fig 1, 2), may partially explain Dsk2-mediated
cytotoxicity. We found that although Ub induction partially suppressed DSK2 overexpression,
rescue was strictly dependent on the presence of RPN10 (Fig 3C). This result highlights a
special relationship between RPN10 and DSK2.

Rpn10 interacts with Dsk2

In order to better understand the relationship between the two proteasome-associated polyUb-
binding proteins, Dsk2 and Rpn10, we evaluated the genetic interactions of RPN10 and
DSK2 and compared it to the analogous relationship of RPN10 with RAD23. Cells lacking both
RAD23 and RPN10 were significantly more sensitive than either single deletant to a variety of
stress conditions (Fig 4). This observation corroborated the reported synthetic phenotype of
RPN10 and RAD23 (Lambertson et al., 1999;Wilkinson et al., 2001). Yet, we detected no such
additive phenotypes for the double deletion of RPN10 and DSK2 (Fig 4). This relationship is
compatible with Rpn10 and Dsk2 functioning sequentially within a defined pathway.

To evaluate the Rpn10-Dsk?2 interaction, we compared association of Rpn10 with members of
the Ubl-UBA family Rad23, Dsk2, and Ddil (Fig 5A, B). Domain mapping showed that the
main interaction between the two proteins was found to be through the UIM of Rpn10 and the
Ubl domain of Dsk2 (Fig 5C). Moreover, Dsk2YP! was potent to precipitate Rpn10 directly
from whole cell extract (Fig 5D), providing this physical interaction with biological relevance.
Despite similarities among Ubl domains, we conclude that the relationship of Rpn10 with Dsk?2
is of a distinctive nature.
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Rpn10 restricts Dsk2 access to the proteasome

Ubl domain-containing proteins differ also in their association with the proteasome. Whereas
Rad23 and Ubp6 have been identified in purified proteasomes, no such information is available
regarding Dsk2 (Gavin et al., 2002; Guerrero et al., 2006; Krogan et al., 2006; Verma et al.,
2000). This result is particularly surprising given the presence of a Ubl domain in the Dsk?2
protein and its ability to bind the proteasome subunit, Rpn10. Nevertheless, in vitro, exogenous
Dsk2 is able to associate with purified proteasomes and even compete with Rad23 suggesting
they may share a common binding site (Elsasser et al., 2002). To understand how the
relationship of Dsk2 and Rpn10 (Fig 4, 5) may affect recognition of Dsk2 by the proteasome,
we affinity isolated proteasome from whole cell wt or Arpnl10 extracts. Whereas the Ubl-
containing proteins Rad23 and Ubp6 were both found in association with affinity purified wild-
type proteasomes, Dsk2 was undetectable (Fig 6A). Proteasomes purified from the Arpn10
strain, in contrast to wt proteasomes, contained significant amounts of the Dsk2 protein,
alongside Rad23 and Ubpé6.

In order to gain insight into the negative effect that Rpn10 has on proteasome-incorporation
of Dsk2, we measured Dsk2 binding to isolated proteasomes. Proteasomes were stringently
purified from wild type or Arpn10 strains (removing most auxiliary factors as documented
(Glickman and Coux, 2001)) and subjected to immobilized recombinant Dsk2. Both
proteasome preparations were equally competent to retain Dsk2. Apparently, proteasome-
incorporated Rpn10 did not change the affinity of proteasome for Dsk2 (Fig 6B).

Next, we measured the effect of Rpn10 in whole cell extract on the MW partitioning of Dsk2.
In wild type extract, the majority of Dsk2 was found in low MW fractions, with only traces
migrating in proteasome-containing HMW fractions (Fig 6, C left panel). In contrast, other
Ubls, such as Ubp6 or Rad23, were observed migrating with proteasomes. (Fig 6, C left panel).
In extract from Arpn10, partitioning of Dsk2 shifted markedly toward HMW proteasome-
containing fractions (Fig 6, C right panel). Behavior of Ubp6 or Rad23 remained unchanged.
In summary, individual members of the Ubl family display differential proteasome association:
among the Ubls we checked, only distribution of Dsk2 was Rpn10-dependent.

To further investigate the role of extraproteasomal Rpn10, we took advantage of a mutant form
of Rpn10 that is able to bind Dsk2, yet cannot incorporate into proteasomes, e.g. Rpn10YM
(Fu et al., 2001). We confirmed that Rpn10Y'M is not self-sufficient to incorporate into
proteasomes (Fig 6D). Then, MW distribution of Dsk2 was assayed as a function of Rpn10 or
of its truncated UIM variant (Fig 6D, bottom). Expression of just the UIM fragment was
sufficient to block Dsk2 from associating with proteasomes, rendering most Dsk2 to low MW
fractions. This result indicates that Rpn10 outside of the proteasome competes against the
proteasome for Dsk2 binding. The converse was also true: elimination of the UIM from Rpn10
was sufficient to elevate levels of Dsk2 in proteasome samples (Fig 6E). Taken together,
extraproteasomal Rpn10 limits association of Dsk2 with the proteasome.

Extraproteasomal Rpn10 acts as a filter mitigating effects of Dsk2 overabundance

To put the Rpn10-filter hypothesis to test, we assayed whether extraproteasomal Rpn10 could
attenuate DSK2-induced stress. Cell viability was assessed upon DSK2-induction in the
presence or absence of Rpn10 or its UIM fragment. Expressing RPN10Y!M was able to suppress
DSK2-mediated toxicity to a similar extent as the full length protein (Fig 7A). Although
Rpn10YM fragment does not associate with the 26S proteasome (Fig 6D), it may mask the Ubl
of Dsk2, competing for association with the proteasome. The outcome may mimic the effect
of inducing Dsk2 deleted for its Ubl domain (Fig 1, 2). We conclude that the mechanism of
Dsk2-mediated toxicity involves association of Dsk2 and its cargo with the proteasome.

Mol Cell. Author manuscript; available in PMC 2009 November 7.
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DISCUSSION

The first polyUb-binding protein to be identified was Rpn10 (Deveraux et al., 1994). It was
naturally supposed to play an essential role in the proteasome-recruitment of ubiquitinated
substrates. However, approximately 90% of all Ub-tagged targets were later estimated to reach
the proteasome and be degraded independently of Rpn10Y'M (Mayor et al., 2007), suggesting
that proteasomes have other intrinsic Ub receptors (as has been proposed for Rpn13 (Husnjak
etal., 2008)). Here we describe an essential role of RPN10Y!M in suppressing the lethality
associated with another polyUb-binding protein, DSK2, and in doing so we provide the first
evidence for a biological role of extraproteasomal Rpn10.

In principle, any factor with affinity for polyUb species has the capacity to alter their fate and
influence the global Ub landscape. Among such proteins, proteasome-associated Ub shuttles
are likely to be key players. Published studies highlight the critical need to fine-tune cellular
levels of Ub shuttles as either diminished or elevated levels interfere with efficiency of the
UPS (Chen and Madura, 2002; Elsasser et al., 2004; Hartmann-Petersen et al., 2003;
Lambertson et al., 1999; Raasi and Pickart, 2003; Saeki et al., 2002a; Verma et al., 2004). At
least as far as Dsk2 is concerned, elevated levels stabilize Ubconjugates and inhibit proteasome-
dependent degradation (Fig 1). Since Dsk2 is apparently one of the more potent Ub binders
(Funakoshi et al., 2002; Hartmann-Petersen et al., 2003; Raasi et al., 2005; Saeki et al.,
2002a; Wilkinson et al., 2001) the rationale for a mechanism restricting its association with
the degradation machinery becomes apparent. We found that Dsk2-induced stress can be
partially overcome by expanding the pool of utilizable Ub, nevertheless, cell viability under
elevated Dsk2 levels is strictly dependent on the presence of its proteasomal filter (Fig 3, 7).
The ability of Rpn10Y'™ to interfere with the Dsk2-proteasome interaction and attenuate the
severity of DSK2-associated phenotypes (Fig 6, 7) stresses the importance of extraproteasomal
Rpn10 as a filter for Dsk2. As a direct consequence, some of the substrates whose degradation
have been found to be altered in absence of functional RPN10 (Mayor et al., 2007) may reflect
an involvement of Dsk2.

In this study we focused on an interaction of Dsk2 with Rpn10, however, we expect that other
Ubl domain-containing proteins may be under similar regulation. For instance, human S5a
contains two UIMs: UIM1 and UIM2 with slightly different binding specificities (Fujiwara et
al., 2004; Hofmann and Falquet, 2001; Miller et al., 2004; Wang et al., 2005). UIM1, which
resembles the single UIM of Rpn10, has been shown to associate with polyUb and with the
Ubl of hPLIC (the mammalian ortholog of Dsk?2) in line with the Rpn10-Dsk2 interaction we
reported herein (Fig 5). UIM2 was found to preferentially bind the Ubl of hHR23 (Fujiwara et
al., 2004; Kleijnen et al., 2000; Ryu et al., 2003; Seok Ko et al., 2004; Walters et al., 2002).
The combinatorics of multiple spliced versions of S5a (Kikukawa et al., 2002) may provide
modular filters for a wide array of substrates by possessing alternate binding specificities. Other
proteins with affinities for Ubls could provide competing binding partners. For example Pth2
has also been shown to bind Dsk2, affecting is cellular availability (Ishii et al., 2006). Beyond
the Ubl-UBA shuttles, it would be interesting to study conditions that govern the cellular
distribution of other Ubls such as the E3 ligase Parkin (Sakata et al., 2003), the co-chaperone
Bag1l, or the DUB Ubp6/USP14. Not only are there many pathways a substrate can take to
reach the proteasome, but in many cases, these trajectories may be subject to differential
regulation (Fig 7B).

The existence of multiple delivery proteins may reflect a need to selectively target ubiquitinated
cargo either at the level of the substrate or of the Ub signal. In this study we mapped the
conjugated Ub landscape and demonstrated that Lys48 and Lys63-linkages make up the bulk
of HMW polyUb chains in S. cerevisiae grown under normal conditions (Fig 2). Induction of
DSK2 uniquely led to accumulation of Lys48-linkages. This raises the question of why
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increased Dsk2 promotes build-up of Lys48-linked chains, and why these targets are not
degraded? In one scenario, Dsk2 binding to the proteasome sterically impedes the binding of
Ubl-containing shuttles or of Lys48-linked chains directly by competing for an intrinsic Ubl-
receptor on the proteasome (such as Rpn1; (Elsasser et al., 2002;Rosenzweig et al., 2008;Saeki
et al., 2002b;Seeger et al., 2003)) or by imposing steric hindrance on a Lys48-recognition unit
within the 26S (theoretically, Rpn13). In such a model, Dsk2-mediated toxicity would stem
from the prevention of substrate flux through the proteasome, with the altered composition of
Ub linkages (enrichment of Lys48 linkages) reflecting the consequence of deficient substrate
processing (Fig 2). This model has appeal since either deleting or masking the Ubl domain of
Dsk?2 attenuated its deleterious effects (Fig 1, 7). Nevertheless, Dsk2 lacking cargo does not
seem to clog the proteasome since expression of the Dsk2 Ubl domain alone had no discernable
effects (Fig 1, 2). Another model would invoke Dsk2 preference for Lys48 chains, which in
absence of sufficient binding sites on the proteasome sequesters conjugates from editing or
degradation by the proteasome. That expression of the UBA alone does not lead to substrate
accumulation or polyUb accumulation is not easy to rationalize in this case, though it may
indicate that the Ubl domain has a stabilizing effect on the ability of Dsk2 to trap its cargo.
One model that has not been formally ruled out is that Dsk2 preferentially accelerates the
turnover of substrates modified by alternate polyUb chains, thereby delaying their turnover
over "canonical™ targets conjugated to Lys48-linked chains. Currently we are attempting to
experimentally distinguish between these possibilities and identify substrates whose biological
turnover is specifically affected by Dsk2.

Maintaining alternate routes to the proteasome is beneficial for prioritization of substrates when
the system is at full capacity. Accumulation of polyUb conjugates often correlates with
decreases in available free Ub, which may explain the need for extra Ub during periods of
cellular stress (Chernova et al., 2003; Hanna et al., 2003; Hanna et al., 2007; Swaminathan et
al., 1999) (see also Fig 3). A recent report suggested that a cellular Ub sensor is in place to
detect the amount of available free Ub and to direct proteasome remodeling in order to
compensate for deficits (Hanna et al., 2007). We propose that Ub-sensing is a broader
phenomenon that takes into account Ub in multiple forms including conjugated Ub. Although
itis not yet known whether the specific accumulation of Lys48-polyUb chains in DSK2 mutants
is the initiator or consequence of Ub stress, it is likely that excessive Lys48-linkages disrupts
the default proteolysis prioritization scheme marking the cell’s attempt to increase proteolytic
efficiency by producing higher-priority substrates. This model is in accord with what has
recently been observed in Huntington's disease pathology (Bennett et al., 2007).

Experimental Procedures

Yeast strains, E coli plasmids, growth media, and Canavanine, heat-shock or cycloheximide
phenotypic analysis

See details in accompanying supplementary material online.

Cycloheximide-chase assay

The assay was performed as described previously (Hanna et al., 2003).

Yeast two-hybrid assay

Physical interactions between RPN10 cloned into pGBKT7 (Clontech) and DSK2, RAD23,
DDI1 ORFs cloned into pGADT?7 (Clontech) were assayed by yeast two-hybrid as described
previously (Fu et al., 2001).

Construction of plasmids—The genes were subcloned either into bacterial or into yeast
expression vectors as described in Supplementary material (Table I).
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Expression and purification of Hisg-tagged protein

All His-tagged proteins were cloned into pQE30 (Qiagen), expressed in bacteria and purified
on Ni-NTA according to manufacturers recommendations. Details in supplementary material
online.

Far-Western Assay

30pmole of proteins were resolved by SDS-PAGE and transferred to 0.2 nitrocellulose
membranes. Membranes were blocked with 10% nonfat milk for 1hr, and then incubated in
the presence of 1.5ug/ml native recombinant Rpn10 derivatives in PBST solution for 2hrs and
washed. Membranes were immunoblotted with anti-Rpn10.

Binding proteins from whole cell extracts to Dsk2YBA or Dsk2YP! column

Dsk2YBA or Dsk2UYP! column preparation—6His-tagged Dsk2UBA or Dsk2Ub! were
purified by Ni-NTA as described in Expression and purification of 6His-tagged protein. The
proteins were dialyzed against PBS buffer and conjugated to Activated CH-Sepharose (Sigma)
according to manufacturer’s instructions.

Binding proteins from whole cell extracts to the columns—2 ml extracts of BY4742
prepared in Lysis buffer (50mM Tris pH 7.5, 150mM KCI, 0.1% (v/v) Triton X-100, 2mM
DTT supplemented with Protease Cocktail Inhibitor) were incubated with 150uL agarose-
immobilized Dsk22YBA or Dsk2AUb! for 1hr at 25°C, washed with Lysis buffer followed by
50mM Tris pH 7.5, 1M KCI, 2mM DTT. Proteins were eluted with 50mM Tris pH 7.5, 8M
Urea.

Fractionation of extracts by glycerol gradients

Whole cell extract was fractionated over 11-ml 10% and 40% glycerol gradients as described
(Fu et al., 1998). Details in supplementary material online.

Purification of the 26S proteasome and Peptidase assay for proteasome activity

Proteasomes were purified from yeast lysates as described previously (Glickman and Coux,
2001). Details in supplementary material online.

Pull-down of the wt/Rpn10-free proteasome by Hisg-Dsk2

Extract of E.coli expressing Hisg-Dsk2 was applied to Ni-NTA resin pre-equilibrated with lysis
buffer (L0mM Imidazole, 150mM NaCl, 50 mM Tris pH 7.4). The mixture was incubated for
2hr at 4°C. The beads were rinsed with buffer A (50mM NaCl, 150 mM Tris pH 7.4, 10mM
MgCI2, ImM B-mercaptoethanol, ImM ATP, 0.05% Tween-20) and incubated either with
purified wt 26S or with Rpn10-free 26S in the buffer A overnight. After washing with buffer-
B (buffer A + 100mM NaCl), the proteins were eluted with Laemmli buffer. A typical
experiment contained 40puL Hisg-Dsk2 immobilized on 40uL Ni-NTA resin with 75-80ug of
purified 26S proteasome in 150uL buffer-A.

Tandem affinity purification (TAP) of the 26S proteasome from yeast lysates

Cells carrying proteasome TAP-tagged at one of its 20S subunits were used for extract
preparation using buffer 1 (50mM Tris pH 8.0, ImM EDTA, 10mM MgCl,, 5mM ATP,
100mM NacCl, 10%(v/v) glycerol). The extracts were applied to 1ml IgG Superose-6 Fast Flow
resin (Amersham Biosciences). The mixture was tumbled for 2hrs at 4°C. After the wash with
buffer 2 (50mM Tris pH 7.4, 1ImM EDTA, 10mM MgCl,, 5mM ATP, 100mM NaCl, 10%(v/
v) glycerol), the proteasomes were eluted using 100units of TEV protease (Stratagen) in buffer
3 (50mM Tris pH8.0, 0.5mM EDTA, 10mM MgCI2, ImM ATP, 10%(v/v) glycerol).

Mol Cell. Author manuscript; available in PMC 2009 November 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Matiuhin et al. Page 9

Ub-AQUA analysis

Yeast cell extract preparation for AQUA analysis—5-ml cell culture was grown to
stationary phase; OD was measured at 595nm and cell density normalized. Samples were
prepared by TCA lysis and precipitation (sup. file) and separated on 4-12% Tris-Bis SDS
PAGE.

Gel regions were excised as indicated, and prepared for Ub-AQUA by liquid-chromatography
selected reaction monitoring (LC-SRM) in a TSQuantum Ultra (ThermoElectron, San Jose,
CA) as published (Kirkpatrick et al., 2005) and detailed in the accompanying supplementary
material file online.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Overexpression of DSK2 dysregulates the UPS
A. Unique cytotoxicity of DSK2 overexpression. Ten-fold serial dilutions of cells transformed
with multicopy plasmids expressing polyUb-binding proteins from an inducible promoter:
RPN10, RAD23 or DSK2. Left panel; nonexpressing conditions (glucose). Right panel;
expressing conditions (galactose).
B. Full length Dsk2 is required for cytotoxicity. Cells transformed with multicopy plasmids
expressing inducible wt (full length) DSK2, DSK2Yb! or DSK24Yd! under control of an
inducible promoter (GAL1p) were plated as in panel A.
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C. Cellular levels of Dsk2 variants upon induction. Extracts from cells induced for expression
of RGS-Hisg-tagged full-length Dsk2 or either of its two truncated versions as in panel B, were
immunoblotted with anti-RGS-Hisg antibody. Levels of PGK serve as a loading control.

D. DSK2 overexpression leads to deceleration of proteasome substrate turnover. Degradation
of HA-tagged CPY* was compared in wt and DSK2-overexpressing cells under the GAL1
promotor as in panel A —C. Three hours after induction of DSK expression, protein synthesis
was blocked with 100pug/ml cycloheximide. Samples were withdrawn at indicated time points,
lysed, and residual HA-CPY™* analyzed by immunoblotting.

E. DSK2 overexpression correlates with an increase in HMW Ub conjugates. PolyUb levels in
whole cell extract prepared from wt or DSK2 overexpressing cells were estimated by
immunoblotting for Ub.
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Fig. 2. DSK2 overexpression alters cellular Ub-linkage profiles

A. Whole cell extract prepared for Ub-AQUA analysis. Equal amounts of wt, A4dsk2, or
DSK2 overexpressing cells grown under identical conditions were rapidly lysed, and the
resulting whole cell extracts were resolved by gradient SDS-PAGE. Protein content was
compared by staining with Coomassie reagent. The HMW region within the dotted lines
(corresponding to the majority of the Ub signal) was prepared for Ub-AQUA analysis by
tandem mass spectrometry.

B. DSK2 overexpression results in elevated levels of Ub conjugates. Total Ub levels were
quantified in the HMW region of extracts normalized for equal protein content. Error-bars
represent standard deviation of independent measurements.

C. The most prevalent Ub linkage types in wt and mutant strains, via Lys48, Lys63 and Lys29,
are displayed as a percentage of total polyUb. Other linkages were below the limits of detection
and represent a negligible percentage of total Ub. Error-bars represent standard deviation of
independent measurements.

D, E. Full-length Dsk2 alters Ub linkage profiles. Relative abundance of Lys48 and Lys63
linkages in extracts from DSK2, DSK2UYP! and DSK24Yb! gverexpressing cells (in D) or from
wt, Arad23 or RAD23 overexpressing cells (in E) were assessed as in C.
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Fig. 3. RPN10 mitigates elevated DSK2 effects

A. DSK2 overexpression growth phenotype is suppressed by proteasome mutants. Ten-fold
serial dilutions of rpn11-1 and its wt parent strain bearing either a high-copy plasmid for
inducible DSK2 expression or an empty vector for control were pated as in Fig 1A.

B. Proteasome levels in rpn11-1. Whole cell extract prepared from wt or rpn11-1 strains were
immunoblotted for different proteasome subunits (PGK levels served as a loading control).
C DSK2 overexpression is suppressed by Ub, but requires RPN10. Exogenous Ub was
expressed over endogenous levels from a high-copy plasmid under a copper-induced promoter
(CUP1p) in wt and Arpn10 strains. Empty vector served as a control for Ub levels. All strains

Mol Cell. Author manuscript; available in PMC 2009 November 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Matiuhin et al.

Page 17

were cotransformed with a high-copy plasmid for inducible DSK2 expression under GAL1p
and plated on growth media as in A.
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Fig. 4. Genetic interactions of RPN10 and genes encoding for the Ubl-UBA proteins Dsk2 or Rad23
Wild-type, single- and double-deletion strains were serially diluted onto YPD as indicated and
incubated at 30°C or 15°C until single colonies appeared, or plated onto media containing
0.5ug/ml of cycloheximide (CHX), or onto arginine drop-out media supplemented with 3ug/
ml canavanine
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Fig. 5. Specificity of interaction between Rpn10 and the Ubl domain containing protein, Dsk2
A.Dsk2 and Rpn10 interact by yeast two-hybrid. Association of Rpn10 with the Ubl-containing
proteins, Dsk2, Rad23, or Ddil was tested in vivo by transforming all possible combinations
of bait versus prey constructs and assaying for growth on —His—Trp dropout selective media
supplemented with 7.5mM 3-aminotriazol. Representative results are shown. A lone
combination, BD:RPN10 with AD:DSK2, supported growth.

B. Direct protein-protein interaction of Rpn10 with Dsk2. 30 pmol of Ub/Ubl-containing
proteins were immobilized on a nitrocellulose membrane. Migration pattern and amounts of
immobilized proteins was evaluated by immunoblotting with anti-Hisg antiserum (right panel).
In parallel, a similar membrane was incubated with 2ug/ml of recombinant Rpn10, washed,
and immunoblotted against residually bound Rpn10 (left panel). Association of Rpn10 with
polyUb is shown as a positive control.

C. The Ubl domain of Dsk2 interacts with the UIM of Rpn10. Dsk2 or its structural domains
were subjected to Far-Western analysis using either full length Rpn10 or its truncated versions
as in panel B.

D. The Ubl domain of Dsk2 is sufficient to precipitate Rpn10 from whole cell extract. Whole
cell extract was applied to an affinity column generated from crosslinked Dsk2Ub! or
Dsk2YBA coupled to activated Sepharose resin. After stringent washes, bound proteins were
eluted with 8M urea and assayed from presence of Rpn10 by immunoblotting.
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Fig. 6. Extraproteasomal Rpn10 restricts Dsk2 access to the proteasome
A. Significant enrichment of Dsk2-associated with affinity-purified Arpn10 proteasomes.
Protein A-tagged proteasomes were affinity purified from wt or Arpn10 backgrounds and
analyzed for presence of Ubl-domain containing proteins. Proteasomes were normalized
according to integral subunit content as indicated, and immunoblotted for presence of
copurifying Dsk2, Rad23, or Ubp6.
B. Affinity of Dsk2 for isolated proteasome is Rpn10-independent. Purified wt or Rpn10-free
proteasomes were passed over Dsk2 immobilized on Ni-NTA resin. After stringent washing,
Dsk2 was eluted with imidazole, and associated proteasomes were evaluated. Binding of
proteasomes to mock Ni-NTA resin is shown as a negative control.
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C. Partitioning of Dsk2 between proteasome-bound and unbound forms depends on Rpn10.
Whole cell extract prepared from wt (left) or Arpnl10 (right) was fractionated by glycerol
gradient centrifugation. Resulting fractions were assayed for proteasomes by peptidase activity
(highlighted in grey), and for presence of Ubl-domain containing proteins by immunoblotting
as indicated.

D. Rpn10UY'M is sufficient to alter Dsk2 partitioning. Whole cell extracts bearing full length
Rpn10 or a truncated version encompassing the C-terminal UIM motif (Rpn10YM) were
fractionated as in C. Distribution of full length Rpn10 or Rpn10Y'M is indicated, as well as
partitioning of Dsk2 as a function of Rpn10 in the relevant strains.

E. UIM of Rpn10 is required to sequester Dsk2 from associating with 26S proteasomes.
Affinity purified protein A-tagged proteasomes from wt, 4rpn10, rpn104Y™ and Adsk2 strains
were analyzed for presence of Dsk2 in comparison to intrinsic proteasome subunits.
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Fig. 7. UIM of Rpn10 is required to suppress Dsk2-mediated effects

A. Sequestering Dsk2 from proteasome by Rpn10Y'™ fragment suppresses cytotoxicity. A
Arpnl0 strain was co-transformed with combinations of high copy plasmids for expressing
GAL1p-DSK2, CUP1p-UBI, and either ADH1p-RPN10Y'M, ADH1p-RPN10 or empty vectors
for control where indicated. Three-fold serial dilutions of the resulting strains were spotted
onto selective media (glucose; left) or media for DSK2 induction (galactose; right).

B. A model describing regulation of Dsk2-escorted cargo destined for the proteasome. Ub-
modified substrates may reach the proteasome directly, binding to internal Ub-receptors (top
trajectory). Alternatively, recruitment of Ub-conjugates may be mediated by Ub-delivery
proteins such as Dsk2, Rad23, Ddi1, and possibly Rpn10 or Cdc48 (middle arrow). The Dsk2-
mediated trajectory (bottom) is subject to a filter in the form of extraproteasomal Rpn10 that
limits the availability of Dsk2. Rpn10 plays a critical role in filtering Dsk2 and its substrates
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from the proteasome and therefore in prioritization of proteolysis and in maintaining proper
equilibrium of cellular Ub linkages.
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