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Abstract

The ubiquitin-proteasome system (UPS) is the major intracellular degradation system, and its
proper function is critical to the health and function of cardiac cells. Alterations in cardiac
proteasomes have been linked to several pathological phenotypes, including cardiomyopathies,
ischemia-reperfusion injury, heart failure, and hypertrophy. Defects in proteasome-dependent
cellular protein homeostasis can be causal for the initiation and progression of certain
cardiovascular diseases. Emerging evidence suggests that the UPS can specifically target proteins
that govern pathological signaling pathways for degradation, thus altering downstream effectors
and disease outcomes. Alterations in UPS-substrate interactions in disease occur, in part, due to
direct modifications of 19S, 11S or 20S proteasome subunits. Post-translational modifications
(PTMs) are one facet of this proteasomal regulation, with over 400 known phosphorylation sites,
over 500 ubiquitination sites and 83 internal lysine acetylation sites, as well as multiple sites for
caspase cleavage, glycosylation (such as O-GIcNAc modification), methylation, nitrosylation,
oxidation, and sumoylation. Changes in cardiac proteasome PTMs, which occur in ischemia and
cardiomyopathies, are associated with changes in proteasome activity and proteasome assembly;
however several features of this regulation remain to be explored. In this review, we focus on how
some of the less common PTMs affect proteasome function and alter cellular protein homeostasis.
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1.1 Introduction

The ubiquitin-proteasome system (UPS) is the main protein degradation system in the heart,
degrading up to 90% of the intracellular proteins in some tissues [1]. As much as 30% of
newly synthesized proteins are degraded by the proteasome shortly after their synthesis [2].
The UPS is involved in regulating most cellular events in eukaryotes, including cell
differentiation, DNA replication and repair, mitosis, transcriptional regulation, and receptor
internalization; all of which are important in cardiac biology. The UPS allows cells to
readily alter protein expression patterns in response to changing physiological conditions.
Moreover, the maintenance of healthy protein turnover by the UPS is critically important in
preventing disease through the degradation of oxidized, mutant, denatured, and misfolded
proteins [3]. The proteasome is an abundant complex; in liver and kidney cells proteasomes
account for approximately 1% of the total cellular protein pool [4]. Cardiac cells contain
fewer proteasomes than liver cells, and proteasomes are widely distributed in cytosolic,
nuclear, endoplasmic reticular and cytoskeletal compartments [5, 6]. Several defects in
protein degradation have been linked to cardiovascular biology and disease [7], including
atherosclerosis, familial and idiopathic cardiomyopathies, myocardial ischemia,
hypertrophy, reperfusion, and heart failure [8-11]. The mammalian 20S proteasome was first
discovered and isolated from human erythrocytes, in which it was termed “cylindrin,”
describing the structure of the protein complex [12, 13]. The rapid growth in our
understanding and appreciation of the proteasome as a key regulator of virtually all cellular
processes has led to the proteasome surfacing as a therapeutic target for combatting many
diseases, including cardiovascular diseases (CVVDs). However, the anatomical complexity of
the proteasome, including heterogeneous subunit assembly, alternate splicing of subunits,
and post-translational modifications (PTMs) makes the proteasome a challenging target.
While we are beginning to understand how different combinations of subunits affect
proteasome activity, the role of alternatively spliced subunits and PTMs are not as well
understood. Understanding the role of proteasome PTMs in tuning cellular function is
critical, as the relatively long half-lives of mammalian proteasomes (5-8 days) [14, 15]
necessitate PTMs as a rapid, immediate means with which to alter proteasome function.

1.2 The Proteasome

The proteasome is comprised of more than 45 subunits. Due to the large number of
constituent subunits and independent identifications of proteasome subunits and complexes,
the nomenclature presented in the literature has been largely inconsistent. In this review,
proteasome subunits are referred to in accordance with the most commonly employed
eukaryotic nomenclature published by Baumeister et al., 1998 [16]. The 26S proteasome is
composed of the 20S core particle tethered in an ATP-dependent manner to either one or
two 19S regulatory complexes [17]. The 20S core particle consists of 28 subunits, positioned
as two inner stacked rings of seven unique B subunits, and two outer rings of seven unique a
subunits. The 20S core contains three distinct proteolytic activities: caspase-like, trypsin-like
and chymotrypsin-like, which are catalyzed by p1, 2 and 5 subunits, respectively [17]. In
certain conditions, such as diabetic cardiomyopathy, the 1, 2 and 5 subunits can be
replaced with inducible subunits - i, p2i and p5i - which possess unique catalytic
activities relative to canonical forms. Proteasomes containing p1i, B2i and B5i are referred to
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as immunoproteasomes. The 19S regulatory complex is larger than the 20S core, consisting
of at least 17 subunits. The “base” contains six ATPases (Rpts) and three non-ATPase
subunits (Rpnl, 2 and 10), together with the “lid”, which contains eight non-ATPase
subunits [18]. The base of the 19S interacts with the outer a ring of the 20S core. The
proteasome activator PA28y (also known as PSME3, 11S+y, or REGvy) belongs to the 11S
family of proteasome activators, which also includes PA28a and PA28p. These proteasome
activators bind and activate the 20S proteasome. PA28y has been shown to promote
degradation of important regulatory proteins such as cyclin-dependent kinase inhibitors p21,
p16, and p19 and steroid receptor coactivator-3 in an ATP- and ubiquitin-independent
manner [19-21]. Several types of proteasomes are known to exist, including 20S, 26S, 118,
intermediate and hybrid-type proteasomes [22]. Electron microscopy has confirmed at least
six different proteasome complexes (20S, 19S-20S, 19S-20S-19S, 20S-PA28, PA28-20S-
PA28, 19S-20S-PA28) [22]. Two 19S proteasome subunits, Rpn10 and Rpn13, interact with
polyubiquitinated substrates. Other accessory proteins such as Rad23, interacts with
ubiquitinated proteins and acts as a shuttle for delivering ubiquitin-conjugated proteins to
the proteasome.

1.3 Post-Translational Modifications of the Proteasome

Post-translational modifications play critical roles in regulating protein structure and
function. The most common PTMs include phosphorylation and ubiquitination. More
recently, ubiquitin-like protein (Ubl) modifications (e.g., SUMO, Nedd8, and 1SG15) have
emerged as vital regulatory mechanisms in directing intracellular processes. These small
Ubls covalently attach to their target proteins in a manner similar to ubiquitination.
Proteasome subunits are subjected to several PTMs, including N-terminal acetylation, lysine
acetylation, methylation, phosphorylation, N-myristoylation, O-linked glycosylation, S-
glutathionylation, ubiquitination, proteolysis by caspases, and processing of N-terminal
propeptides, the latter being the mechanism by which 20S core particle (CP) catalytic
activities are activated. At least 14 different types of PTMs have been identified on
proteasome subunits (Table 1). Proteomic studies employing mass spectrometry (MS) have
identified the majority of proteasome post-translationally modified sites, including 417
phosphorylation (160 serine, 94 threonine, and 163 tyrosine), over 500 ubiquination, 83
lysine acetylation, 7 O-GIcNAc, 4 sumoylation, 2 methylation, 2 di-methylation, 1
glycosylation, 1 nitrosylation, and 1 myristoylation (Table 1). PTMs identified specifically
in cardiac proteasomes are underlined and bolded in Table 1. The biological significance of
many PTMs on proteasome subunits is poorly understood. Table 2 shows a summary of the
known biological changes that occur when proteasomes are post-translationally modified. Of
all the PTMs, the best understood and most investigated is phosphorylation. Since other
recent reviews have discussed proteasome phosphorylation in detail [23, 24], this review
focuses on the less abundant PTMs.

1.4 Regulation of Proteasomes by PTMs

Cardiac proteasome PTMs for which some physiological function is known

1.41 Acetylation—N-terminal acetylation occurs in more than 80% of human proteins, is
likely to be irreversible, and may function as a degradation signal [25, 26]. In contrast,
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acetylation of internal lysine residues is a reversible PTM which modulates protein function
[27]. Similar to phosphorylation and dephosphorylation, protein acetylation and
deacetylation are major intracellular post-translational regulatory mechanisms [27].
Acetylation of histones is a well-established regulator of gene transcription, but more
recently, lysine acetylation of non-histone proteins has surfaced as a rapid and reversible
PTM that modifies non-nuclear protein function [28]. Lysine acetylation has been shown to
affect protein nuclear localization, stability, transcriptional activity, DNA binding, and
protein-protein interactions [27]. The functional effects of phosphorylation and acetylation
may complement one another, as they tend to reside in different regions of proteins. While
phosphorylation of proteins occurs mainly in unstructured regions, acetylation occurs mainly
in regions which contain an ordered secondary structure [29-31].

Acetylation of both CPs and regulatory particles (RPs) has been identified, suggesting that
this is a relevant mechanism in which proteasomes rapidly modulate proteolytic activities in
response to cellular demands. Recently, a study by Wang et al. identified sites of both N-
terminal and internal acetylation of cardiac 20S proteasomes [32]. In vitro treatment of
human ischemic heart failure and murine ischemic injured myocardium with two distinct
HDAC inhibitors augmented trypsin-like proteolytic activity. Purified 20S proteasomes,
isolated from animals in which HDAC inhibition had been administered in vivo, exhibited
this enhancement of proteolytic activity, thus demonstrating that 20S proteasomes,
independent of regulatory particles or associating partners, housed acetylation sites
responsive to global HDAC inhibition. The first cardiac proteasome acetylome was then
constructed, identifying acetylation of nine N-termini (a1, a2, a3, a4, a5, a6, a7, B3, p4)
and seven internal lysine residues (a1-104, a5-203, a6-30, a6-115, $3-77, p6-203,
[7-201). Four lysine and four N-terminal sites were novel identifications, and five internal
lysine sites were found to be inducible by HDAC inhibition in vivo. These data suggest that
20S proteasomes have endogenous, regulatory sites of lysine acetylation, which augment
proteolytic capacity in response to HDAC inhibition in vivo. Importantly, global HDAC
inhibition is in the clinical spotlight as a potential treatment for several diseases, including
cardiac, and thus may present an efficacious therapeutic strategy for alleviating proteasome
functional insufficiency occurring in certain cardiac diseases.

A recent study in HEK293 cells demonstrated that the acetylation of the regulatory PA28y
by CREB binding protein (CBP) at K195 was shown to enhance monomeric interactions and
heptameric formation of the 11S complex [33]. Preventing acetylation of PA28y at K195
via site-directed mutagenesis reduced proteasomal competency for degrading certain
proteasome substrates, including p21 and the hepatitis C virus core protein. Functional
analysis in HEK?293 cells suggested that acetylation of PA28+y plays an important role in the
regulation of cell proliferation and cell cycle progression. This acetylation of PA28+y could
be reversed by sirtuin 1. Preventing acetylation of PA28y resulted in faster degradation
relative to acetylated PA28y [33]. These results suggest that proteasome acetylation affects
proteasome assembly, activity and half-life and is likely to be important in cardiovascular
diseases. Interestingly, N-a-acetyltransferase 10 protein (NaalOp) was recently found to
physically associate with the proteasome activator PA28p, and with PA28a in a PA28-
dependent manner resulting in suppressed chymotrypsin-like proteasome activity [34].
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However, the acetyltransferase activity of NaalOp is not required for its effect on
chymotrypsin-like proteasome activity.

1.42 Carbonylation—A major regulator of cardiac signaling processes is oxidation of
amino acid side chains via the addition of carbonyl groups. A study by Divald et al.
demonstrated that the 19S subunit, Rpt5, was carbonylated in response to ischemia/
reperfusion injury, and that ischemic preconditioning (IPC) could prevent oxidation of Rpt5.
This observation was correlated with a 50% decrease in proteasomal chymotrypsin-like
activity following I/R injury, which was reduced to 25% when an IPC stimulus was
administered [35]. Interestingly, the beneficial effects of IPC on Rpt5 carbonylation could
be prevented by proteasome inhibition prior to IPC. As Rpt5 is known to play important
roles in the structural integrity of the 19S particle and the 26S proteasome (19S-20S) [36],
these studies suggest that IPC may protect the UPS by reducing oxidative damage to 19S
subunits, which strengthens both the tethering of the 19S lid to the base and the association
of 19S with 20S [35].

Proteomic analysis of SH-SY5Y cells after exposure to endogenous reactive oxygen species
(ROS) induction identified the 19S proteasome regulatory subunit, Rpt3, as a major
intracellular target of carbonylation [37]. Rpt3 oxidation decreased its ATPase activities as
well as the ability of the 26S proteasome to degrade substrates. Rpt3 may be a major
molecular target of ROS under conditions of electrophile-induced oxidative stress, and the
oxidative modification of Rpt3 may be functionally associated with altered recognition and
degradation of proteasomal substrates in cells [37].

1.43 4-Hydroxy-Nonenalyation (4-HNE) Modification—Although the precise
mechanisms involved in ischemia/reperfusion-induced inactivation of proteasome activity
remain elusive, the modification of proteasome subunits by 4-HNE has been implicated in
this process [38]. In vivo coronary occlusion/reperfusion in a rat model induced substantial
declines in all three proteasome proteolytic activities. This reduced proteasome activity was
associated with the selective modification of specific proteasome subunits (a1, a2, and a4)
by 4-HNE [39]. Interestingly, while the occlusion/reperfusion-induced declines in trypsin-
like activity were largely preserved in proteasomes purified from rat hearts, the loss in
chymotrypsin-like and caspase-like activities were not present in the purified proteasomes.
These latter results suggest that decreases in proteasome activity in coronary occlusion/
reperfusion is likely due to a combination of direct oxidative modification of the enzyme as
well as inhibition of the proteasome by intracellular inhibitory proteins. Incubation of
purified cardiac 20S proteasomes with 4-HNE resulted in proteasome inactivation and
modification of al, a2, a4, a5, a6, and p6 subunits [38]. Importantly, oxidative stress
appears to cause selective rather than global inhibition of proteasome activity, suggesting
that a targeted pool of accumulating proteasomal substrate proteins may perpetuate the
damage induced by oxidation.

1.44 Phosphorylation—The proteasome is highly regulated by phosphorylation with
over 300 phosphorylation sites identified in mammalian proteasomes (Table 1). Twenty-nine
phosphorylation sites have currently been identified on cardiac proteasomes (Table 1). A
comprehensive review of the phosphorylation sites on proteasomes has recently been
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published [23]. Phosphorylation of the proteasome affects its proteolytic activity, assembly
and localization (Table 2).

Proteasome PTMs for which some physiological functions are known (but not yet
demonstrated in cardiac tissue)

1.45 Caspase Cleavage—Caspase-3 has been shown to specifically cleave three 19S
subunits of the proteasome (Rpt5, Rpn2, and Rpn10) [40]. Intriguingly, seven proteasome
subunits (al, a2, a6, a7, Rptl, Rpt2 and PA28a) were found to be degraded by caspase-7
in caspase-3-deficient MCF-7 cells during apoptosis in vitro and in vivo. This caspase-7
mediated cleavage of proteasome subunits resulted in reduced proteasome activity [41].
Cleavage of Rpt4 by both caspase-3 and -7 was detected in mouse macrophage lysates [42].
These findings suggest that caspase facilitates the execution of apoptosis through
downregulation of the 26S proteasome, which in turn regulates the turnover of proapoptotic
proteins.

1.46 O-linked N-acetylglucosamine (O-GlcNAc) Modification—Subunits of both
20S and 19S have been shown to be O-GIcNAcylated [43, 44]. More recently, O-
GIcNAcylation was shown to directly modulate proteasome activity. OGIcNAcylation of the
19S ATPase subunit Rpt2 inhibits proteasome function, thereby serving as a potential
mechanism for controlling intracellular amino acid levels in response to metabolic changes
(e.g., nutrient overload and starvation) [43, 44]. Other O-GIcNAc modified proteasome
subunits (al S5, a4 S130, a5 S198, a6 S110, p6 S57, S208, and Rpt6 T272) were
discovered in proteomic analysis [45, 46].

1.47 S-Glutathionylation—Denatured or oxidized proteins can be degraded by free 20S
proteasomes via ubiquitin- and ATP-independent processes. It was recently demonstrated
that S-glutathionylation of specific Cys residues on 20S subunits (mainly a5) modulated the
gating mechanism and activity of yeast 20S proteasomes. S-glutathionylation potentiated
20S gate opening, thereby enhancing degradation of oxidized and partially unfolded proteins
[47].

1.48 Methylglyoxal Modification—In diabetic animals, hyperglycemia has been shown
to increase intracellular levels of the dicarbonyl methylglyoxal (MGO) which modifies
proteins and alters their functions [48]. MGO-derived advanced glycation end product
(AGE) madification of renal proteasome subunits showed reduced chymotrypsin-like
proteasome activity and increased MGO modification of the 20S 2 subunit in three unique
diabetic mouse models [49]. In vitro incubation of purified 20S proteasomes with MGO
resulted in arginine modifications on several 20S proteasome subunits (2 R37, R85; p4
R224, R231; p5 R123, R128) and decreased chymotrypsin-like proteasome activity [49]. As
hyperglycemia also increases O-GlcNAc modifications [50], and the aforementioned O-
GIcNAc modification of Rpt2 decreases proteasome function, it is conceivable that
methylglyoxal and O-GIcNAc could synergistically suppress proteasome activity in diabetic
patients.
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1.49 Methylation—Lysine and arginine methylation affect intracellular protein
localization, protein—protein interactions, and cell signaling [51, 52]. The proteasome
subunit a6 in the archaeon Haloferax volcanii was sub-stoichiometrically methylated at five
unique sites (D20, E27, E62, E112, and E161) [53]. Alterations in hepatic proteasome
subunit methylation following ethanol consumption have been associated with decreased
proteasomal chymotrypsin-like activity [54]. The application of the methyl group donor,
betaine, to promote methylation alleviated ethanol-elicited proteasome suppression, and
tubercidin, a specific methylation inhibitor, suppressed 20S proteasome activity [54]. These
results suggest that diminished methylation directly suppresses proteasome function,
providing a novel mechanism for regulation of 20S proteasome activity that is independent
of ethanol-induced oxidative stress [54]. In the same study, a 25 kDa 20S proteasome
subunit was detected as a target of methylation. We have also shown that isolated 20S
proteasomes from mouse cardiac tissue are methylated [55]. An important technical
consideration for methylation studies is to ensure that carefully controlled methods are used,
since in vitro methylation of proteins may occur during sample preparation from the use of
methanol [56]. A proteomic screening of human 20S proteasomes exposed to methanol-
induced in vitro methylation identified 17 methylation sites from eleven of the fourteen
subunits (no methylation was detected in a2, a7 and p2).

1.50 N-Myristoylation—Protein N-myristoylation is an irreversible PTM which
covalently links a 14 carbon myristate to the N-terminal glycine of target proteins. N-
myristoylation targets modified proteins for cellular membranes [57, 58], and also modulates
protein-protein interactions [58]. One proteasome subunit, Rpt2, is N-myristoylated. In
normal yeast cells, proteasomes are mainly localized to the nucleus, however non-N-
myristoylated mutants of Rpt2 re-localize proteasomes from the nucleus to the cytoplasm,
where they formed aggregates [59]. N-myristoylation of Rpt2 therefore controls the
intracellular localization of the 26S proteasome in yeast.

1.51 Tyrosine Nitration—Endothelial dysfunction, possibly due to oxidative stress, is an
early event in cardiovascular disorders. The activation of 26S proteasomes by peroxynitrite
(ONOO2) was recently found to be a common pathway for endothelial dysfunction in mouse
models of diabetes (streptozotocin (STZ)-induced type | diabetic mice), hypertension
(angiotensin-infused hypertensive mice), and dyslipidemia (high fat-diet-fed LDL receptor
knockout (LDLr2/2) mice) [60]. This elevated 26S chymotrypsin-like proteasome activity
was associated with tyrosine nitration of the 19S complex, and may be due to increased 26S
proteasome assembly [60]. Interestingly, the nitrated proteasome degraded key proteins such
as thioredoxin, an enzyme important in cellular homeostasis, at a faster rate than the non-
nitrated proteasome.

1.52 Nitrosylation—S-nitrosylation, the covalent incorporation of a nitric oxide (NO)
moiety into cysteine thiols, is ubiquitous in biology [61]. S-nitrosylation acts as redox-
switch by modulating cysteine thiols in response to intracellular changes in oxidation. NO
from S-nitroso-N-acetylepenicillamine (SNAP) inhibits all three 26S proteasome proteolytic
activities in a time- and concentration-dependent manner in rat aorta vascular smooth
muscle cells (VSMC) [62]. Caspase-like activity was inhibited to the greatest degree

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cuietal.

Page 8

(>77%). Nitrosylation also caused changes in proteasome intracellular localization.
Exposure of purified 20S proteasomes to S-nitrosoglutathione resulted in the S-nitrosylation
of 10 cysteines by NO [62]. A study employing a quantitative switch assay coupled with
LC-MS/MS identified 220 S-nitrosylated cysteines on 179 proteins in human pulmonary
arterial endothelial cell lysates treated with S-nitrosoglutathione [63]. S-nitrosylated
cysteines were identified at 13 sites on 10 proteasome subunits (Rptl C389, Rpt4 C170,
C347, Rpt5, C387, C396, Rpn2 C806, Rpn6 C222, Rpn9 C114, a1 C154, C161, a7, C42,
B3 C19, S15 C81) [63]. S-Nitrosylation may be a mechanism by which NO can exert a
reversible effect on proteasome function. A delicate balance of intracellular redox state
exists in cells, mainly due to the production of ROS/RNS and the antioxidant systems that
remove them. The concentration of ROS/RNS is relatively low under normal homeostatic
redox balance. However, increased ROS/RNS production could lead to alterations in the
redox balance, resulting in oxidative/nitrosative stress. Oxidative stress may directly link
changes in 26S proteasome activity to endothelial dysfunction (prevalent in most types of
CVD) as well as ischemia/reperfusion injury.

1.53 Poly-ADP Ribosylation—Treatment of K562 human myelogenous leukemia cells
with hydrogen peroxide resulted in a rapid up-regulation of nuclear 20S proteasome activity,
which was dependent on poly-ADP ribosylation of the proteasome [64]. The poly-ADP
ribosylated nuclear 20S proteasome was found to be more efficient at removing oxidatively
damaged histones, suggesting that this mechanism may be important in the nuclear repair
system.

1.54 Ubiquitination—It is not surprising that the number of known ubiquinated proteins
continues to rise at an exponential rate as more investigators examine the UPS and better
techniques become available for isolation of ubiquinated proteins. It is now appreciated that
ubiquitination is heterogeneous, as it presents in several different forms and linkages.
Ubiquinated proteins are most commonly identified by the presence of a 114.1 Da diglycine
(GG) tag on lysine residues or an LRGG-tag (383.2 Da) on internal lysine residues
following trypsin digestion. Typical ubiquitinated protein isolation strategies have involved
immunoprecipitation with an anti-ubiquitin antibody [65, 66]. The subunits of the
proteasome itself are degraded by the UPS, therefore it is not surprising that ubiquitination
sites on most proteasome subunits have been detected by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Table 1 lists the known ubiquitination sites identified on
proteasome subunits. Since many of these ubiquinated sites likely target subunits for UPS
degradation, they will not be discussed further.

It has recently been shown that monoubiquitination of Rpn10 in yeast inhibits the ubiquitin-
interacting motif (UIM), thereby reducing the capacity of Rpn10 to interact with
polyubiquitinated conjugates [67]. Rpn10 (S5a) is the main polyubiquitin-binding protein
that is part of the 26S proteasome. This subunit also exists as free Rpn10 in the cytosol.
Rpn10 contains two UIMs, which facilitate polyubiquitin binding. The monoubiquitination
of Rpn10 at K71, K84, K99 and K268 was found to be controlled by a NEDD4 ubiquitin-
protein ligase member, Rsp5, and the deubiquinating enzyme, Ubp2. The
monoubiquitination of Rpn10 was decreased by heat shock, cold shock and cadmium,
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suggesting that monoubiquitination of Rpn10 may act as a stress sensor that regulates the
recruitment of substrates to the proteasome [67]. This is especially interesting since Rpn10
was found to exist in at least two isoforms in murine cardiac proteasomes [6]. The difference
between these isoforms is the presence of three residues, GER, at amino acids 255-257 of
murine proteasomes. It is possible that these isoforms may have different affinities for
polyubiquitinated substrates, however the roles of these isoforms are unknown.
Interestingly, Rpn10 itself can be ubiquitinated by several ligases including MuRF1, Siah2,
Parkin, APC, and SCFRTRCPL CHIP, E6AP and Nedd4 [68]. The ubiquitination of Rpn10
by many ubiquitin ligases is unusual, since ligases typically are highly specific enzymes that
ubiquitinate a relatively small number of proteins. The ubiquitinated Rpn10 is rapidly
degraded by the proteasome, having a half-life of about 30 minutes in C2C12 myaoblasts
[68].

Proteasome PTMS for which physiological function are not yet determined

1.55 Glycosylation—In Madin-Darby Canine Kidney (MDCK) cells, glycosylation of the
proteasome subunits B3 and Rpn11- as determined by Pro-Q Emerald glycoprotein dye on
2D gels - was enhanced after exposure to calcium oxalate dihydrate (COD) crystals,
mimicking kidney stone formation [69]. Although the functional effects of these changes are
unknown, aberrant glycosylation has been shown to modulate cardiac ion channel activity
and electrical signaling through a cell-specific mechanism [70]. These data suggest that
abnormal glycosylation is likely to be important in cardiovascular diseases.

1.56 Neddylation—Nedd8 is an additional small ubiquitin-like protein that has been
found conjugated to proteins through a process called neddylation. Neddylation has been
shown to be important in cell proliferation and development. Affinity purification of GST-
Nedd8 modified and associating proteins in HEK293 cells identified 496 proteins, including
Rpt2, Rpt4, Rpt5, Rpnl, Rpn2, Rpn3, and Rpnl10 [71]. However, since identified proteins
could either be direct targets of neddylation or associating proteins of a neddylated target,
unequivocal evidence supporting direct neddylation of proteasome subunits remains to be
demonstrated. Although the biological significance of neddylation of most proteins is
unknown, the presence of significant in vivo polyneddylation suggests that this PTM is
functionally important to the cell. Neddylation mimics ubiquitination, and like
ubiquitination, neddylation is a reversible and dynamic process.

1.57 Sumoylation—It has been suggested that sumoylation is involved in regulating the
cellular stress response [72, 73]. Proteomic analysis of SUMO-4 substrates in HEK293 cells
exposed to serum starvation for 24 hours identified 90 proteins, including proteasomal
proteins Rptl and Rpt6 [74]. Investigation of protein sumoylation in HEK293 cells exposed
to oxidative stress (hydrogen peroxide, alkylating agents, and 4-HNE) identified 54 HA-
SUMO-1-associated proteins and 38 HA-SUMO-3-associated proteins [73]. HA-SUMO-1-
associated proteasomal proteins included Rpn10, while HA-SUMO-3-associated
proteasomal proteins included a.6 and Rpn10 in cytosol and Rptl in nuclei [73]. Tandem
affinity purification (TAP) of SUMO-2 conjugates from human U20S cells before and after
exposure to heat shock identified eight putative proteasome subunits (a3, a5, p4, Rpnl,
Rpn2, Rpn6, Rpn10, Rpn12) conjugated to SUMO-2, with SUMO-2 conjugated a5 and p4
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levels increasing after heat shock [75]. Defective sumoylation activity has been suggested to
contribute to the induction of congenital heart disease [76].

1.6 PTMs of the Proteasome and Cardiovascular Disease

The maintenance of cardiac muscle mass depends on the balance between the rates of
protein synthesis and degradation. Although several pathways, including the insulin-like
growth factor 1/IRS1/PI3K/Akt pathway, lysosomal/autophagy pathway and the myostatin
pathway are involved, the UPS plays a central role in maintaining muscle mass [77]. A
significant number of studies suggest that impaired proteasomal function directly contributes
to heart disease [8-11]. Excluding phosphorylation, modifications of the proteasome lead to
either changes in localization, assembly or decreased proteasome function (Table 2). Hearts
from animals and humans with several cardiac diseases show decreased proteasome
function. This is seemingly contradictory to the data in several different animal models of
cardiovascular disease demonstrating that proteasome inhibitors may be a viable option for
treatment of cardiovascular disease [78]. However, the clinically approved proteasome
inhibitor, bortezomib, has been associated with cardiotoxicity in cancer patients. Also,
cardioprotection has been observed by both inhibition and enhancement of proteasome
activity. As postulated by Meiners et al. [79], it is likely that the effect of proteasome
inhibition depends on the cell type and on the degree of proteasome inhibition. We would
also add that the timing of proteasome inhibition (i.e., with respect to disease progression)
likely affects the efficacy of proteasome inhibitors for treating cardiac disorders. We have
previously shown that purified cardiac 20S proteasomes are more susceptible to proteasome
inhibition (by epoxomicin) than purified liver 20S proteasomes [55]. Differential inhibition
of proteasomes may result in a shift in the proteasomal substrate repertoires, thereby altering
the degradation specificity of proteasomes.

Myocardial ischemia contributes to the pathophysiology of heart failure. Several
independent investigations suggest that ischemic injury leads to increased oxidative stress
and oxidation of proteasome subunits [80]. These ischemia-dependent changes in
proteasome PTMs are associated with changes in proteasome function. Oxidation of Rpt3
and Rpt5 decreased chymotrypsin-like activity of the proteasome [35, 81]. This is consistent
with the increased levels of polyubiquitinated proteins observed in patients with ischemic
heart disease [82]. The UPS plays a critical role in the regulation of apoptosis. Significant
inhibition of the proteasome is typically associated with increased apoptosis, which is likely
due to the fact that many apoptotic regulatory proteins, such as Bax and p53, are degraded
by the proteasome [83, 84]. Hence, some proteasomal PTMs that cause a decrease in
proteasome assembly or function are likely to induce apoptosis, which if allowed to
progress, will ultimately result in cell death.

Another major cause of myocardial ischemia is diabetes mellitus [85]. Diabetes,
atherosclerosis and hypertension are associated with increased reactive nitrogen species
(RNS), which result in nitration of proteasome subunits and an increase in proteasome
activity and assembly (Figure 1). This would also be consistent with results from human
patients, which exhibit increased chymaotrypsin-like proteasome activity in the myocardium
of diabetic ischemic patients compared with non-diabetic ischemic patients [85]. However,
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methylglyoxal and O-GIcNAc modifications of the proteasome secondary to hyperglycemia
reduce proteasome activity [48, 49], suggesting that a complex interplay between a myriad
of PTMs likely exists, and collectively, they determine the activity of the proteasome. The
increased proteasome activity may account for cardiac atrophy, which is found in a
percentage of diabetic patients.

1.7 Conclusions

Excluding ubiquination sites, more than 515 PTM sites on mammalian 26S proteasomes
have been identified (Table 1). Though a remarkable number of PTM sites, it is important to
note that the physiological consequences of very few identified sites are currently known.
Some investigations employed non-physiological approaches, including overexpression or
knockdown, which ultimately affects global PTM levels. Also, while most studies were
carried out to determine only one type/group of PTM sites at a particular time, it is
becoming evident that significant cross-talk can occur among different PTMs
(phosphorylation, acetylation, methylation, ubiquitination, and sumoylation) [86] within the
cell, and are likely to occur within the proteasome. To determine the importance of PTM
cross-talk, two possible methods offering significant advancement in the field are discussed
next. The recent availability of PTM-specific antibodies has provided opportunities for
enriching peptides that carry a particular PTM (such as phosphorylation, ubiquitination and
acetylation). Purified or semi-purified proteasome samples from control and disease tissue
could be digested to form peptides which are then labeled with different iTRAQ (isobaric
tags for relative and absolute quantification) labels. Labeled peptides would then be mixed
and enriched for phosphopeptides. The unbound peptides could then be enriched for
ubiquitinated peptides (using anti-Lys-Gly-Gly antibody) and subsequent unbound peptides
enriched for acetylated peptides (using anti-acetylated lysine antibody). All the enriched
samples would then be analyzed by LC-MS/MS and will yield significant information about
types as well as changes in proteasome PTMs during diseases.

Additional recent developments in targeted mass spectrometry-based technologies have
enabled the sensitive and specific detection and quantification of peptide ions for a global
assessment of several PTMs simultaneously. This technology, entitled multiple reaction
monitoring (MRM) or selected reaction monitoring (SRM), exploits the specific mass shift
occurring on the parent peptide and the daughter peptide fragment (collectively termed a
“transition”) that is post-translationally modified [87]. Transitions are selectively targeted
and detected by the mass spectrometer, excluding all non-qualifying masses, which
increases the sensitivity of detection. Although PTMs that have challenging chemical
properties for positive ion mode mass spectrometry (e.g., negatively charged
phosphorylation) may require additional enrichment strategies, this technology far exceeds
others available for quantifying multiple PTMs simultaneously within a sample and within a
technical replicate of the mass spectrometer. This technology will undoubtedly provide an
unprecedented understanding of the dynamic cross-talk among all PTMs, and how specific
sites on proteins are targeted by PTMs in response to a physiologic stimulus.

The vast array of PTMs occurring on proteasomes suggests that multiple fine-tuning
mechanisms regulate proteasome activity. This is most likely important for rapidly

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cuietal.

Page 12

modulating proteasome activity in accordance with dynamic intracellular environments.
Reduced proteasome activity occurs when the proteasome is modified by non-
phosphorylation PTMs (Table 2). This is likely to be physiologically important, since it is
unknown to what extent proteasome inhibition determines cardioprotection or
cardiotoxicity. This is complicated by the proteasome having three types of proteolytic
activities. Given that the chymotrypsin-like activity constitutes the greatest portion of the
proteasomal proteolytic activity, an important question is whether cardiotoxicity is caused
by inhibition of at least two proteasome proteolytic activities, or if significant inhibition of
the chymotrypsin-like activity of the proteasome is sufficient for cardiotoxicity. Significant
research is needed to establish how the cardiac proteasome system differs from the
proteasome system in other organs, especially those associated with higher incidences of
tumors (such as colon cells). When drugs targeting the UPS are used to treat heart diseases,
the effects on other organs need to be determined. The effects of different types of
proteasome inhibitors (reversible or irreversible), different concentrations (affecting the
extent of inhibition), and the length of inhibition (when and how long), are all important in
determining the role of proteasome inhibition in cardioprotection and cardiotoxicity.

Once we have a thorough understanding of the role of sumoylation, neddylation, and
possibly other ubiquitin-like modifications on proteasome subunits as well as the role of
these modifications in cardiac tissue, it is likely that inhibitors specifically targeting the
enzymatic activities regulating sumoylation or neddylation may be novel strategies to
regulate proteasome activity. Overall, the proteasome is a highly regulated complex that
requires intensive research to properly understand the roles of many PTMs in modulating
proteasome function. Understanding the role of PTMs in proteasomes is needed to help
decipher the proteasome involvement and contribution to most diseases, including
cardiovascular diseases.
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Figure 1.
Schematic diagram of the effects of PTMs on proteasome function and their involvement in cardiovascular diseases. The 19S

proteasome is shown in purple while the a and B rings of the 20S proteasome are shown in blue and red, respectively. Several
cardiovascular diseases are known to alter proteasome PTMs including atherosclerosis, diabetes, hypertension, ischemia/
reperfusion and heart failure. Atherosclerosis, diabetes and hypertension, all cause increases in reactive nitrogen species (RNS),
resulting in nitration of proteasome subunits, which results in improved proteasome assembly and function. Ischemic injury
causes oxidative stress leading to carbonylation of proteasome subunits and impaired proteasome activity. Decreased a.7
phosphorylation at residue S250, decreased ATPase activity, and impaired docking of the 19S to the 20S was detected in human
end stage heart failure when compared to control hearts [88]. ROS, reactive oxygen species. HNE, hydroxy-nonenalyation.
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250;p1:12(m),157(m),158,203,204;32:5,277(m);B3:168,181(m); p4:39(m);$5:139,192(m),204(
m),261;56:48(m),83,167(m),169(m);37:9,26,30,93(m),206,249;31i:188;Rpt1:363(r);Rpt2:4,6,9
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34;Rpt3:25,118,316,347;Rpt4:247;Rpt5:9(m),15(m);Rpt6:109,364;Rpn1:9(m),20(m),24,186,49
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07(r),214(r),264,290,302,392;Rpn5:20,111,137,369,370;Rpn6:72,201,397,415;Rpn7:366;Rpn
8:79(m);S15:41,62,70;Rpn9:156,162,172;Rpn10:326;Rpn11:32,234;Rpn12:315,316;rp28:112,
138;S5h:132,370,457,478;PA28a.:249;PA280:199,239;PA287y:84,254;PA200:82,213,1489,161
5;

[46,
78

90
96

132]

Su
mo
ylat
ion

B2:ND;Rpt1:ND;Rpt2:ND;Rpt4:ND;Rpn1:ND;Rpn2:ND;Rpn5:ND,K92;Rpn8:ND;Rpn10:ND;Rp
n12:ND;PA28vy:K6,12,14;

[133
135]

Ubi
quit
inat
ion

Lysine
residues:a1:30,45,55,59,71,102,104,116,153,164,171,181,182;a2:39,50,51,53,64,70,92,165,
171,176,227,
a3:54,64,67,127,176,180,187,195,199,205,210,231,238,246;a.4:28,38(m),52,115,157,174,193
,204,218,227,234(m);a5:86,91,149,187,192,196,203,209;231;239;a.6:30,39,41,50,61,115,189,
208,243,256;a.7:29,43,57,65,110,179,183,192,206,222(m),230,238,245;31:67,183,230;52:31,

52,72,127,195(m),196(m),225,237,249:33:15(m),17,41,77,98,192;4:29,34,37,62,68,162,169, 185,198;$5:91,92,207(m),

257:B6:73,77,94,104,146,163(m),164,184,203(m),204,228:37:147,2
01,240;B1i:53,215;1i:217;2i:31,37,68,72,223,236;Rpt1:11,13,17,20,34,46,57,58,66,84,100,
110,116,120,146,181,186,210,222,248,268,316,340,356,402,407,415,422;Rpt2:24,48,69,86,9
1,98,178,217,232,237,258,265,293,326,359,387,396,413,420,423,430;Rpt3:46,62,66,70,80,1
25,174,192,212,217,238,255,273,397,401,409,418;Rpt4:7,20,34,38(m),42,48,72(m),91,168,1
80,197,206,274,298,314,322,333,369(m),383;Rpt5:16,35,53,56,70,79,125,128,144,146,155,1
73,209,211,221,233,245,250,266,278,294,300,327,372;Rpt6:15,27,38,55,88,94,101,125,130,
142,156,162,170,184,196,222,287,290,314,330,346,389,397,402,403;Rpn1:8,27,31,39,41,50,
66,94,105,107,119,141,168,178,189,228,286,292,343,350,397,441,551,712,754,858,860;Rpn
2:20,26,124,136,292,302,310,319,324,354,498(m),543,574(m), 720,821 (m),825,827,838,840,
849,853,861,362,865,868,369,890,004,915,934:Rpn3:16,38,54,76,84,89,194,205(m),223,269 ,
273,296,321(m),374,404,425,440,455,461,492,503;S5b:143(m), 147,416,467(m);Rpn5:52,98,
121,147,153,160,179,212,221,330,400(m),431,448;Rpn6:32,46,59,71,141,175,185,274,304,4
17;Rpn7:13(m),93,107,130,242,349,362,371,372;Rpn8:28,45,46,100,103,113,180,199,204,21
4,279,304;Rpn9:2,31,32,99,105(m),115,122,132,161,174,186,252,298,313(m),321,347,361;R
pn10:40,74,81,83,98,122,126,129,133,135,152,262,265(is04),364(m),365,369;:Rpn11:43,94,1
52,154,186,209,215,222,246,253,257,264,273,277;Rpn12:105,111,114(m), 120,135,138, 141 (
m),218,227,243,281,297,300(m),298,324,337,340(m);$15:91(m),123,198,210(m),211;S5b: 14
3(m),147,416,467(m):rp28:23,30,90,153,213,221 ;PA28a.:13(m),24,35,36,70(m), 155,176,245
PA28B:15,39,108,115,145;PA28:14,36,37,86(m),100,110,121,132,195:PA200:56(m),278,91
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6,1082(m),1124(m),1294(m),1361(m),1488(m),1459(m),1594(m),1605,1619,1758;PA200:149
9(m);
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Table 2

Functional roles of post-translational modifications on proteasomes.

Page 26

Modification Proteasome Site of Biological Function Referen
Subunit Modification/ -ce
Tissue
Acetylation PSME3/ K195/HEK293 | PA287y acetylation at K195 enhances the monomeric [33]
PA28y interactions and heptameric formation of the 11S
complex.
HNE PSMA2/a2 ND/heart HNE modification results in decreased proteolytic [39]
modification activities of the 20S proteasome
PSMA6/a1
PSMA7/a4
O-GIcNAC PSMC1/Rpt2 | ND/NRK O-GIcNAc modification of Rpt2 decreases proteasome [44]
modification catalytic activity
N- PSMC1/Rpt2 | G2/yeast N-myristoylation of Rpt2 controls the intracellular [59]
myristoylation localization of the 26S proteasome
Oxidation PSMC3/Rpt5 | ND/heart Oxidation of Rpt3 and Rpt5 decreased chymotrypsin-like activity of the [35, 81]
proteasome
PSMC4/Rpt3
Phosphorylat- | PSMA2/a2 Y121/CWSV1 | Phosphorylation of Y121 is important in nuclear [101]
ion localization of 2. Prevention of Y121 phosphorylation
causes growth inhibition and morphologic alterations
ND/HEK293 Phosphorylation of a2 by polo-like kinase enhanced [110]
chymotrypsin-like activity
PSMA3/a7 S250/COS-7 Phosphorylation of Rpt6 plays an important role in [143]
stabilizing the association between 19S regulatory
complexes and 20S proteasomes
Histidine Autophosphorylation of histidine residue(s) is important [144]
residue/Molt-4 | for nucleoside diphosphate kinase-like activity in proteasome
PSMA4/a3 ND/HEK293 Phosphorylation of a3 by polo-like kinase enhanced [145]
chymotrypsin-like activity
PSMA7/a4 Y153/HEK293 | c-Abl and Arg tyrosine kinases associate with and [111]
phosphorylate Y153 of PSMA7 (a4) resulting in
decreased proteasome activity and impaired cell cycle
regulation
PSMB1/p6 Histidine Autophosphorylation of histidine residue(s) is important [144]
residue/Molt-4 | for nucleoside diphosphate kinase-like activity in
proteasome
PSMC3/Rpt5 | ND/HELA Apoptosis signal-regulating kinase 1 (ASK1) [146]
phosphorylates Rpt5 resulting in decreased 26S
proteasome activity
PSMC5/Rpt6 | S120/MDA468 | Serine120 of Rpt6 is phosphorylated by PKA resulting [129]
in significant enhancement of proteasome proteolytic
activity
ND/heart Phosphorylation of Rpt6 by a tightly associated kinase [147]
enhances the association between 19S regulatory
complexes and 20S proteasomes. Dephosphorylation of
26S proteasome results in disassembly of 26S into
20S and 19S
PSME/11S ND/ Dephosphorylation abolished 118S ability to activate [148]
reticulocyte chymotrypsin-like activity of the proteasome
Poly-ADP ND ND/K562 In vitro poly-ADP ribosylation activates 20S [64]
Ribosylation proteasome activity
Ubiquitination | PSMD4/ K84,84,99,268 | Monoubiquitination at four Lys residues lowers the [67]
Rpn10 lyeast ability of Rpn10 to interact with ubiquitin conjugates
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