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Abstract: Although ubiquitination is widely assumed to be the only regulated step in the ubiquitin–
proteasome pathway, recent studies have demonstrated several important mechanisms that regulate
the activities of the 26S proteasome. Most proteasomes in cells are inactive but, upon binding a
ubiquitinated substrate, become activated by a two-step mechanism requiring an association of the
ubiquitin chain with Usp14 and then a loosely folded protein domain with the ATPases. The initial
activation step is signaled by Usp14’s UBL domain, and many UBL-domain-containing proteins
(e.g., Rad23, Parkin) also activate the proteasome. ZFAND5 is a distinct type of activator that
binds ubiquitin conjugates and the proteasome and stimulates proteolysis during muscle atrophy.
The proteasome’s activities are also regulated through subunit phosphorylation. Agents that raise
cAMP and activate PKA stimulate within minutes Rpn6 phosphorylation and enhance the selective
degradation of short-lived proteins. Likewise, hormones, fasting, and exercise, which raise cAMP,
activate proteasomes and proteolysis in target tissues. Agents that raise cGMP and activate PKG
also stimulate 26S activities but modify different subunit(s) and stimulate also the degradation of
long-lived cell proteins. Both kinases enhance the selective degradation of aggregation-prone proteins
that cause neurodegenerative diseases. These new mechanisms regulating proteolysis thus have clear
physiological importance and therapeutic potential.

Keywords: ubiquitin–proteasome system; Usp14; Rad23; UBL-domain-containing proteins; ZFAND5;
PKA; PKG

1. Overview of Proteasome Activity

For many years, our lab has focused on furthering our understanding of the 26S
proteasome, both because of its key role in intracellular proteolysis and because of its in-
triguing molecular mechanisms. The efficient degradation of cell proteins by the ubiquitin–
proteasome system (UPS) depends on its capacity to selectively bind ubiquitinated proteins,
to disassemble ubiquitin chains, to unfold a large variety of proteins and translocate them
into the 20S core proteasome, and to release small peptide products. All of these steps have
to be precisely timed and integrated to ensure the rapid clearance of misfolded and regula-
tory proteins, as well as the slower hydrolysis of more stable cell constituents. Despite the
dramatic recent advances in our knowledge of these processes obtained by cyro-electron
microscopy of the 26S complex and through biochemical and biophysical studies of its
multistep mechanism, many key features of the 26S proteasome’s multistep mechanism
are not yet fully understood. Further knowledge about these integrated mechanisms is
not only of basic biochemical interest, but also should illuminate our understanding of
proteotoxic disease in light of the growing evidence in many neurodegenerative disease
models that proteasome function is impaired due to the accumulation of aggregation-prone
proteins. The resulting defects in protein degradation most likely accelerate the further
accumulation of misfolded proteins, which must interfere with normal cell function.
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This article reviews a number of important new insights about how the 26S protea-
some’s activities are regulated that have emerged from our lab’s recent studies. A key
technical development enabling many of these findings was our developing a one-step affin-
ity purification method for gentle isolation of 26S proteasomes (the UBL-UIM method) [1].
This approach did not require genetic manipulation of the cells or tissues, and the resulting
26S preparations exhibited many regulatory properties that are lost in most multistep
chromatographic methods. Although these studies were initiated to clarify the 26S protea-
some’s multistep mechanism, these findings have altered our views of proteasome function
and heterogeneity and have led to surprising new insights into how protein degradation
is regulated in vivo. The initial, key observation made by Andreas Peth was that the 26S
proteasome’s peptidase actively increases when it binds a ubiquitinated protein [2]. In
other words, the proteasome functions as a “protease on-demand”, which becomes active
only upon interaction with an appropriate substrate. Thus, in the cell, in the absence of a
substrate, its capacity for proteolysis and rate of ATP hydrolysis are low, which must be of
advantage to the organism in preventing unnecessary ATP consumption and potentially
harmful unregulated proteolysis.

Surprisingly, this initial activation of the proteasome was not triggered by the in-
teraction of the ubiquitinated substrate with one of the known receptors for ubiquitin
chains (Rpn10, Rpn1, Rpn13), but instead by its binding to the proteasome-associated
DUb, Usp14 [2,3], which, as we showed, plays a critical role in regulating proteasomal
function [4,5]. Prior analysis of the yeast homolog of Usp14, Ubp6, had shown that Ubp6
functions normally as an allosteric inhibitor of the proteasome [6]. However, our data indi-
cated that upon binding a ubiquitin chain, Usp14/Ubp6 switches its role and becomes an
activator of the 26S proteasome, leading to its enhanced capacity to digest small peptides [2].
In addition, if an unfolded polypeptide chain is present on the proteasome, as is typical
when a ubiquitinated substrate binds, ATP hydrolysis also rises and drives proteasome
function in degrading the ubiquitin conjugates [7]. The increased ATP hydrolysis leads
to tighter (probably irreversible) binding of the polypeptide, as is essential for processive
degradation. This two-step activation mechanism helps to explain the selectivity of the
proteasome and tightly links its three main enzymatic activities, deubiquitination, ATPase,
and proteolysis.

The further dissection of Usp14’s activation mechanism by Hyoung Tae Kim led
to the important finding that this activation upon substrate binding was mediated by
Usp14’s UBL domain, whose movement upon substrate binding to Usp14’s active site
seemed to cause activation [5]. In fact, this domain by itself can activate the 26S and mimic
substrate binding. Galen Collins then went on to show that many, perhaps even most,
of the cell proteins bearing a UBL domain can also activate the proteasome [8]. Many
such UBL-domain-bearing proteins were known to bind to the proteasome. Our new
finding was that this large family of UBL-containing proteins also activates the 26S and
thus appears to enhance the likelihood of proteolysis. For example, when a shuttling factor
such as Rad23 delivers a ubiquitinated substrate to the 26S proteasome, it also causes
proteasome activation and can thus facilitate substrate degradation. These studies thus
indicate two modes of proteasome activation (i.e., by the direct binding of ubiquitinated
substrate or via binding a shuttling factor) that appear to function during each round of
proteolysis in vivo and are probably maintained while the ubiquitinated protein is being
degraded [8]. Our related studies had indicated that if a small ubiquitinated protein is
bound directly to the proteasome, its hydrolysis requires around 20–30 s, but with tightly
folded or larger polypeptides, the time required for degradation was longer [9]. The
duration of the degradative process with a shuttling factor present and the duration of the
activated state are unclear.

We have also studied in depth and describe below a very different type of proteasome
activator, ZFAND5, a Zn finger protein, whose effects on proteasome activity raise intrigu-
ing mechanistic questions and are of clear biological importance [10]. ZFAND5 functions in
atrophying muscles, where it enhances the ability of the 26S proteasome to hydrolyze ATP,
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peptides, and ubiquitinated proteins [11]. As a result, it also increases the muscle cell’s
capacity for proteolysis and thus is critical in the atrophy process. ZFAND5 appears unique
in multiple ways, but there may exist many other unidentified proteins that enhance in a
similar manner proteasome function under special physiological conditions.

Finally, we have described a very different, but physiologically very important, type
of 26S proteasome activation, through phosphorylation of a proteasome subunit. A number
of protein kinases have been reported to modify the 26S proteasome and even to alter its
activity [12,13], but for only three have effects on rates of intracellular protein degradation
been clearly demonstrated: DYRK2, Protein Kinase A (PKA), and Protein Kinase G (PKG).
It is noteworthy that these three protein kinases are active under distinct physiological
conditions: DYRK2 during the S-M phase of the cell cycle, PKA in response to treatments
that raise levels of cAMP, and PKG in response to treatments that raise cGMP levels [14–16].
Moreover, they appear to modify distinct proteasome components and to affect the degra-
dation of different cell proteins, as discussed below. Our findings that PKA and PKG,
which regulate a large diversity of physiological processes, also activate the proteasome
and accelerate the degradation of many cell proteins within minutes represent new aspects
of their function [16,17]. These findings have raised many fundamental questions and even
opened up new opportunities for therapeutic interventions.

It is of obvious interest to understand how the phosphorylation of different protea-
some components by DYRK2, PKA, or PKG can stimulate the proteasome’s enzymatic
activities and to learn how the resulting proteasome activation influences the degradation
of different cell proteins. Proteasome activation by cAMP or cGMP leads to an enhanced
capacity of the cell to degrade many short-lived cell proteins, including the clearance
of various aggregation-prone proteins that are associated with human disease [15,16,18].
Thus, pharmacological treatments that raise cAMP or cGMP, enhancing the degradation
of the misfolded, mutated proteins, represent very promising new approaches to combat
proteotoxic diseases, as discussed below. Finally, these findings have altered the way we
should view the ubiquitin–proteasome system’s functioning in mammalian tissues. It
has long been assumed that the cell’s capacity to eliminate misfolded potentially toxic
proteins is fixed or declines with age [19]. Instead, these studies demonstrated that the cell’s
degradative capacity can be rapidly and transiently activated in vivo by these (and proba-
bly other) signal transduction systems. The physiological significance of such regulation
and its potential medical applications are still largely unexplored.

2. Proteasome Activation by Ubiquitin Conjugates through Usp14

During our efforts to understand how substrate de-ubiquitination on the proteasome
may be linked to the ATP-dependent proteolytic steps, Andreas Peth found that the binding
of a ubiquitin conjugate to the proteasomal deubiquitinating enzymes, Usp14/Ubp6 or
Uch37/UchL5, allosterically activates the proteasome’s degradative mechanism [2,3]. This
stimulatory role of Usp14 requires occupancy of its active site by either a ubiquitin chain
or by the transition state inhibitor, ubiquitin aldehyde. By contrast, free ubiquitin has no
stimulatory effect. This interaction of a substrate with Usp14’s active site, and not its initial
binding to the 19S ubiquitin receptors, enhances the entry of substrates into the 20S and
also increases ATP hydrolysis if the protein substrate contains a loosely folded domain
(Figure 1) [3].

These two structural requirements for ATPase activation, a ubiquitin chain and a loose
polypeptide domain, do not have to be covalently linked as they are in a ubiquitinated
protein, because, on the proteasome, they interact with different parts of the 19S complex,
the ubiquitin chain with Usp14 and the polypeptide with the ATPase ring. This two-step
activation mechanism also accounts for the important findings by Matouschek and col-
leagues that proteasomal degradation of a ubiquitinated substrate requires both substrate
ubiquitination and the presence of an unfolded domain in it [20,21].
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Figure 1. 26S proteasomes inhibited by Usp14 become activated either upon ubiquitin conjugate
binding to Usp14 or upon binding another cell protein containing a UBL domain. In the absence
of a ubiquitin conjugate, Usp14 inhibits several proteasome activities: peptide hydrolysis (due
to the misalignment of ATPases and the closed 20S gate), ATP hydrolysis, Rpn11-mediated de-
ubiquitination, and consequently protein degradation. However, upon binding to a ubiquitin
conjugate, Usp14, through its UBL domain, activates proteasomes: the ATPases align, the 20S gate
opens, and Rpn11 becomes accessible to substrates. If a loosely folded domain is also present in the
substrate, proteasomes become fully active, ATP hydrolysis increases, and the protein substrate is
bound more tightly, leading to processive degradation. Alternatively, the binding to the proteasome of
a protein containing a UBL domain (e.g., a UBL-UBA shuttling factor) stimulates peptide hydrolysis.
Full activation occurs if, in addition, there is present a protein with a loosely folded domain.

The finding that Usp14/Ubp6 is a central regulator of 26S function (see Figure 1)
has been further supported by the recent cryo-electron microscopic studies by the labs of
Baumeister and coworkers [22], Martin and coworkers [23], and Shi and coworkers [24].
These studies revealed that the association of ubiquitin aldehyde with Usp14/Ubp6 induces
marked conformational changes in the 19S complex that are characteristic of the activated
state. The central channel in the ATPase ring becomes enlarged, and aligned with the 20S
gate, which is in its open conformation. These adaptions must account for the accelerated
hydrolysis of small peptides. In addition, the catalytic domain of Ubp6 becomes located
closer to Rpn11, a critical deubiquitinating enzyme, which is located above the ATPase ring.
Rpn11 must remove the ubiquitin chain from the polypeptide if it is to be translocated by
the ATPases into the core 20S particle.

The finding that Usp14 functions in proteasome activation was quite surprising be-
cause Usp14/Ubp6 had been shown by Finley’s group to inhibit 26S proteasome activity
both allosterically [6] and also by functioning as a timing device that, by removing the
ubiquitin chains, limits the time that a substrate resides on the proteasome [25]. Thus,
Usp14/Ubp6 enzymatic activity can lead to the release of the protein substrate without its
degradation [25,26]. In fact, based on this insight, small-molecule inhibitors of Usp14 were
developed as potential therapeutics to enhance the clearance of certain hard-to-degrade,
toxic polypeptides [26].

Our finding that Usp14 can function both as an inhibitor and an activator of proteoly-
sis appeared contradictory and initially was quite perplexing. The simplest hypothesis to
resolve these apparently conflicting roles of Usp14/Ubp6 would be that Usp14 normally in-
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hibits proteolysis allosterically, but when it binds a ubiquitin chain on a potential substrate,
Usp14 allosterically stimulates the proteasome’s degradative activities (Figure 1) [2–4].
Presumably, this activated state is then maintained until the ubiquitin chain is no longer
bound to Usp14, as must occur when proteolysis is completed, or when the substrate
is released.

Indeed, in the absence of a substrate, and independently of its role as a DUb, Usp14
was shown by Hyoung Tae Kim to inhibit multiple proteasomal processes [4]. The 26S
proteasomes purified from MEF cells lacking Usp14 (Usp14KO 26S) consistently exhibited
greater basal and ATPγS-stimulated activities of all three peptidase sites than did WT
26S [4]. Accordingly, the addition of a catalytically dead Usp14 (due to mutation of the
active site cysteine) repressed allosterically those three peptidase activities. Because Usp14
suppresses all three activities simultaneously, most likely, it inhibits the substrate entry
step rather than altering the catalytic activities of the three peptidase sites. In addition,
the Usp14KO proteasome showed higher Rpn11 activity (e.g., they disassemble tetra-
ubiquitin chains faster) than WT [4]. Since the catalytic domain of Usp14 can sterically
hinder substrate access to Rpn11 [23], this increased Rpn11 activity in the Usp14KO 26S is
probably because Rpn11’s active site becomes more accessible to ubiquitin chains.

Usp14KO proteasomes also have a higher basal ATPase activity than WT 26S, and
surprisingly, these proteasomes do not require ubiquitin chain binding to stimulate ATP
hydrolysis. By itself, an unfolded protein can stimulate ATP hydrolysis maximally [4],
which wild-type 26S do only when they bind both an unfolded protein and a ubiquitin
chain (or ubiquitin aldehyde) [3]. In this respect, the ATPases in the Usp14KO proteasomes
behave like the homologous, AAA family of ATP-dependent proteases from bacteria (Lon,
ClpAP, ClpXP, and HslUV) and the archaeal proteasome regulatory complex PAN. These
hexameric enzymes are all ATPases that are activated by protein substrates [27,28]. During
the early evolution of eukaryotes, ubiquitin conjugation became linked to proteolysis,
which must have provided much greater selectivity and regulatory possibilities for protein
degradation, but it necessitated evolution of the 26S proteasome. Through the associa-
tion with Usp14, the proteasome acquired the dependence on ubiquitin chain binding to
stimulate substrate entry and ATP hydrolysis.

Notably, Usp14KO 26S, unlike the WT, can degrade efficiently certain unstructured
proteins without ubiquitination, which probably is a result of their faster translocation into
the 20S particle and greater ATP hydrolysis. Moreover, 26S proteasomes lacking Usp14 are
not just an informative laboratory construct, but also must be of physiological importance
since Usp14 is present normally on only a minor fraction of cell proteasomes and exists
freely in the cytosol. Interestingly, Chueh-Ling Kuo in our lab has shown that the presence
of ubiquitinated proteins promotes the binding of free Usp14 to the proteasome, from which
it dissociates when the ubiquitinated substrates are hydrolyzed [29]. Thus, the association
of 26S particles with Usp14 is a regulated step that must facilitate the degradation of
ubiquitin conjugates as it links deubiquitination of the substrate with its hydrolysis.

The suppression of proteasomal ATP hydrolysis by Usp14 may also be important in
preventing ubiquitin-independent proteolysis in vivo. These findings together provide
a clear rationale for these bidirectional effects of Usp14 on proteasome function. In the
absence of a ubiquitin-conjugated substrate, Usp14 can help to prevent wasteful ATP
consumption and the non-selective degradation of non-ubiquitinated proteins by the
proteasome [4]. The activation of the proteasome upon binding a ubiquitin conjugate
thus enhances the selectivity of the 26S for ubiquitinated substrates, especially those with
unfolded domains (Figure 1). In addition to these allosteric effects, Usp14’s DUb activity
can deubiquitinate and release proteins which cannot be efficiently degraded [25].

3. Allosteric Activation of Proteasomal Degradation by Usp14’s UBL Domain

Because of the importance of Usp14’s UBL domain for its association with the pro-
teasome and for the resulting stimulation of Usp14’s deubiquitinating activity [30], we
hypothesized that its UBL domain might also be essential in mediating the activation of
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the proteasome upon substrate binding to Usp14 [5]. In fact, we found that Usp14’s UBL
domain by itself allosterically stimulates the same proteasome activities as are inhibited by
Usp14 in the absence of a substrate and that are activated when a ubiquitin chain binds
to Usp14 (Figure 1) [5]. In contrast to the association of Usp14, with the proteasome, the
binding of its UBL domain alone increases coordinately the proteasome‘s three peptidase
activities, which strongly suggests enhanced gate opening into the 20S particle. Gate
opening and substrate entry into the 20S particle is believed to be stimulated maximally
by ATPγS. However, the UBL domain was found to stimulate peptide hydrolysis most
strongly in the presence of ATPγS. In addition, Hyoung Tae Kim found that the UBL
domain alone, like ATPγS, stimulates the deubiquitinating activity of Rpn11 and does so
even in the presence of ATPγS [5]. These findings strongly suggested that ATPγS and the
UBL domain activate the proteasome by distinct mechanisms, as discussed below.

When Usp14’s catalytic domain binds a ubiquitin chain, Usp14 can sterically inhibit
Rpn11’s deubiquitinating activity. The finding that the UBL domain alone stimulates
Rpn11’s activity against ubiquitin chains suggests an unexpected coordination between
the actions of these two proteasomal DUbs. Furthermore, with casein, a protein with an
unfolded domain, present, the UBL domain alone was found to stimulate ATP hydrolysis
by the proteasomes. Because the UBL, by itself, alters the activity of the ATPases in a
similar manner as does the binding of a ubiquitin chain or ubiquitin aldehyde to Usp14 [5],
it is very likely that the proteasome activation upon substrate binding to Usp14 is mediated
by its UBL domain.

Additional strong evidence for this conclusion was that the incubation of 26S pro-
teasomes with Usp14’s UBL domain alone increased the degradation of ubiquitinated
substrates (Ub5-DHFR and the ubiquitinated Sic1). Additionally, the isolated UBL domains
derived from Ubiquilin1 and Rad23B also activated proteasomes, suggesting that this is
a general property of such domains. Moreover, when a UBL domain was expressed in
HeLa cells as the fusion EGFP-UBL, there was a clear enhancement of overall cellular
proteolysis that was accompanied by a fall in the cellular level of ubiquitin conjugates [5].
This result was particularly striking, because the overexpression of UBL would be expected
to compete with the binding of substrates and shuttling factors to the proteasome and to
inhibit proteolysis. In fact, we did observe such an inhibition with higher levels of UBL
expression. This stimulation of proteolysis by the UBL domain in cells thus must result
from proteasome activation in accord with the results with purified 26S proteasomes.

4. Proteasome Activation by the UBL-Domain-Containing Proteins

As discussed above, when Usp14 has bound a substrate and is in its catalytically
active conformation, its UBL domain somehow alters its interactions within the 19S particle,
leading to proteasome activation [5]. As a result, the substrate entry channel in the ATPase
ring and the gated channel into the 20S open, allowing more rapid entry and hydrolysis
of peptides to occur [8]. If there is an unfolded region on the ubiquitinated protein, there
is an additional activation step which causes the ATPase activity to rise (Figure 2) [8,31].
These substrate-dependent structural changes increase the capacity of the 26S complex to
degrade selectively and efficiently ubiquitinated proteins when they appear.

The UBL domain is defined as an arrangement of five beta-sheets around a helical core,
called a beta-grasp, and it is a fairly common protein motif [32]. Unlike the structurally
related ubiquitin family of small proteins (Ubiquitin, ISG15, Nedd8, FAT10, URM1, UFM1,
and SUMO), UBL-domain-containing proteins do not become conjugated to other proteins.
Instead, these UBL-domain-containing proteins exhibit a variety of enzymatic activities,
many of which probably also contribute to protein degradation as they bind to proteasomes.
The affinities of the UBL domain proteins for proteasomes are high but span a broad
range from around 20 nM to 300 nM. In the human genome, there are at least 60 genes
encoding proteins with such a UBL domain, and nearly half of these are known to bind
to proteasomes. The UBL domain is essential for the functioning of the several UBL-UBA
shuttling factors, which deliver ubiquitinated substrates to the proteasomes, including
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Rad23b and Rad23a, Ubqln1-4, or Ddi2, [33–35]. In addition to Usp14, several proteasome-
associated DUbs, including Usp4 [36] and Usp7 [37], contain one or even multiple UBL
domains. Certain ubiquitin-ligases, such as Parkin [38] and FBXO7 [39], and the nuclear
phosphatase, UBLCP1 [40], also contain UBL domains that allow them to bind to certain
26S proteasomes.
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Based on our findings with Usp14, we have studied eight of these UBL-domain-
containing proteins [8] to test for their ability to activate proteasomes using two assays:
(1) the capacity to enhance gate-opening and peptide entry into the 20S; (2) the additional
activation of 26S ATPases, which also requires the presence of a loosely folded protein [29].
Both the isolated UBL domains and the full-length UBL proteins containing them could
consistently replace the requirement for a ubiquitin chain for 26S activation, including
the 2-3-fold stimulation of ATP hydrolysis, which requires both the UBL domain and an
unfolded protein (experimentally supplied as casein in trans to the purified proteasomes).
Unlike ubiquitin itself, which must be incorporated into chains or attached at multiple
sites to substrates to activate proteasomes, a single UBL domain is sufficient to activate
proteasomes (Figure 3).

In Usp7, which contains five UBL domains, the number of ubiquitin domains influ-
ences the affinity for proteasomes but does not increase further the extent of activation.
This activation depends upon the association of the UBL with the 19S component, Rpn1
(see below). Interestingly, when UBL domains are incubated with free 20S proteasomes,
they inhibit rather than stimulate peptide hydrolysis (Collins and Goldberg, unpublished).

We and many others had assumed that 26S proteasomes in the presence of ATPγS
show a maximal increase in peptidase activity through the conformational alignment of the
ATPase ring and opening of the 20S gate [41–43]. Therefore, it was a surprise to find that
this ability of the UBL domains to increase peptide hydrolysis and the increase in activity
upon ATPγS binding were additive in increasing peptide hydrolysis. In fact, the activation
by the UBL domain proteins (such as the substrate-bound form of Usp14) was most easily
observed with ATPγS in the buffer [8]. Because a further gate-opening in the 20S seemed
quite unlikely on structural grounds, activation by the non-hydrolysable ATP analog and
a UBL domain protein must involve distinct mechanisms. By using covalent fluorescent
probes of the 20S active sites, we determined that the UBL-domain-containing proteins
were not increasing the rate of labeling of previously active proteasomes (i.e., they did not
open the gate wider or faster). Instead, they were increasing the number of proteasomes
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labeled, thus indicating that the UBL domain proteins mobilize a subset of proteasomes
that were not activated by nucleotide binding. This unexpected result is consistent with
sub-classifications of 26S proteasome structures in cells obtained by the Baumeister lab
using cryo-EM tomography, which showed that a large number of intracellular 26S (around
70 percent) are normally in an inactive state [41,43]. In these cases, a remarkable number of
proteasomes have closed gates despite the presence of high levels of ATP in the cell, but
presumably become active upon binding a UBL domain protein.
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Figure 3. Our present understanding of how UBL-UBA shuttling factors stimulate proteasomal
degradation of client proteins. This mechanism summarizes multiple steps leading to processive
degradation. Shuttling factors (Rad23A, Rad23B, Ddi2, Ubqln1, Ubqln2, and Ubqln4) facilitate the
delivery of ubiquitinated proteins to proteasomes and, with their UBL domains, trigger this multistep
activation mechanism, which involves stimulating the ATPases (the light green objects in the 19S
particle) and opening the gates of the 20S α-subunits (the orange objects in the 20S particle) (for
further discussion, see [31]).

It should also be noted that the various activators of the 26S seem to bind in distinct
fashions. The UBL domain of Ubp6, the yeast homolog of Usp14, binds principally to Rpn1
at a region called T2 [44]. Rad23 also binds Rpn1, but in a distinct region called T1 [44].
However, Rad23B can also associate with proteasomes through Rpn10 and Rpn13 [45].
UBLCP1 binds Rpn1 [46], and Parkin probably binds through Rpn13 [47] although Rpn10
has also been a proposed as a Parkin-binding site [48]. Even a subunit not known for
ubiquitin binding, Rpn6, seems to be bound by Usp4’s UBL domain [36]. Given the
diversity of binding sites, and possible activation sites, it seems very likely that there are
multiple pathways for ubiquitinated substrates to associate with proteasomes in vivo and
activate proteolysis.

It therefore seems likely that the fate of a ubiquitinated substrate may differ if it binds
a proteasome directly through one of the known ubiquitin receptors (Rpn10, Rpn13, or
Rpn1) and then to Usp14, or if it is delivered by a UBL-UBA protein to a 26S proteasome.
For different ubiquitinated substrates, these different modes of binding to the 26S may not
activate or may not lead to the capture of a loosely folded domain of the protein by the
ATPase [31]. In addition, the shuttling UBL-UBA factors are capable of activating a group
of otherwise “somnolent” (latent) proteasomes, while also protecting the substrate from
premature deubiquitination and release [49]. In the future, it will be of major importance
to compare structurally and kinetically the degradation of a ubiquitinated substrate that
binds directly to a 26S proteasome versus a proteasome that is activated by its association
with Parkin or another UBL protein.
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These observations clearly indicate that there is greater heterogeneity and complexity
in the mechanisms for proteasomal degradation in the cell than we had thought previ-
ously. Such heterogeneous activation mechanisms are probably needed to handle the
great diversity of proteins that are being continually degraded in cells. By contrast, the
majority of published studies of proteolysis by isolated 26S proteasomes have utilized
simple, relatively homogeneous, and easily degraded ubiquitinated substrates, and thus
probably have missed the actual challenges that the 26S proteasomes encounters within a
cell in degrading diverse types of cell proteins.

5. ZFAND5, an Activator of the Proteasome and Protein Degradation in Muscle

We have also studied a very different type of proteasome activator, ZFAND5/ZNF216.
This protein is normally expressed at high levels in the brain and heart [8], but its roles
in these tissues is not clear. Normally, its levels in the skeletal muscle and liver are very
low, but its expression in muscle rises in a variety of catabolic conditions, such as fasting
and denervation, which lead to muscle atrophy [11]. Most importantly, muscles lacking
ZFAND5 have a reduced capacity to undergo atrophy [11]. Accordingly, the content of
ZFAND5 increases in cultured myotubes upon treatment with dexamethasone, which is
a useful cellular model of atrophy [10,11]. These conditions all cause a rapid increase in
overall protein degradation in muscle by the ubiquitin–proteasome pathway [50]. Thus,
ZFAND5 behaves like one of the 100–200 atrophy-related genes which are induced in
various catabolic-related conditions and promote muscle wasting [51]. These observations
suggested that ZFAND5 plays a key role in the activation of muscle proteolysis. Further-
more, Hishiya et al. also showed that ZFAND5 associates with both ubiquitin conjugates
and also with proteasomes, strongly suggesting a direct role in regulating proteasomal
degradation [11].

Accordingly, we found that in MEF cells that lack ZFAND5, the degradation of long-
lived cell proteins, the bulk of cell proteins, is significantly less than in WT MEF cells,
and that the addition of ZFAND5 to normal cell extracts could stimulate the proteasomal
degradation of endogenous proteins [10]. To understand the enzymological role(s) of
ZFAND5, Donghoon Lee studied the effects of recombinant ZFAND5 produced in E. coli
on the activities of affinity-purified 26S proteasomes. Pure ZFAND5 markedly stimulates
the three peptidase activities of the proteasomes (Figure 4), which strongly suggests that
ZFAND5, like other proteasome activators, triggers the alignment of the central channel in
the ATPase ring with the entry channel into the 20S and gate-opening in the 20S particle [10].
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essential for the increased degradation of ubiquitinated proteins.
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Purified ZFAND5 also increased the ATPase activity of the 26S proteasome and its
ability to degrade ubiquitinated proteins (Figure 4). Thus, it must be altering the function-
ing of the 19S regulatory complex. By contrast, ZFAND5 caused no such stimulation of
the activity of purified 20S proteasomes. On the contrary, ZFAND5 actually inhibits the
degradation of certain protein substrates by free 20S particles.

Exactly how ZFAND5 enhances proteasomal activity is an important question that
we are intensely studying. When ZFAND5 and 26S proteasomes were resolved on native
PAGE, the migration of both doubly and singly capped proteasomes was reduced [10].
Moreover, free 19S migrated more slowly when incubated with ZFAND5. By contrast,
the migration of 20S was not altered by ZFAND5. Thus, ZFAND5 appears to bind to
the 19S and to induce a large conformational change in its structure. Unpublished single
particle analysis in collaboration with Louis Colson and Ying Lu (Harvard Medical School)
clearly demonstrates that ZFAND5 promotes the binding of ubiquitinated substrates to
the proteasome. Additionally, chemical cross-linking experiments in collaboration with
Lan Huang and Xiaorong Wang (University of California, Irvine) and cryo-EM analysis
in collaboration with Ying Lu and Yanan Zhu (Oxford University) together indicate that
ZFAND5 interacts with specific 19S subunits, including Rpt5, but how these interactions
enhance proteasomal activity remains uncertain.

Unlike the five other members of the ZFAND family, which each contain the AN1
Zn finger domain, ZFAND5 contains a second Zn finger domain, A20, at its N-terminus.
Prior NMR studies and our site-directed mutations that inactivated each Zn finger domain
demonstrated that the A20 Zn finger binds ubiquitin, and ubiquitin-binding domains
resembling A20 have been described in other proteins [52]. However, the role of the AN1
Zn finger remains unclear, even though it is the structural domain that defines the ZFAND
family. Mutations of two cysteines in the AN1 domain of ZFAND5 abolished its ability to
stimulate the proteasome’s peptidase activity (Figure 4). By contrast, ZFAND5’s ability to
stimulate the hydrolysis of a ubiquitinated protein requires its A20 domain, presumably to
bind the ubiquitin chains. These experiments with pure components appear relevant to
the ZFAND5 function in regulating proteolysis in cells, since the addition of ZFAND5 to
radiolabeled cell extracts increased the degradation of endogenous cell proteins, and this
required its A20 domain and thus, presumably, binding of the ubiquitin chain to ZFAND5.

The ability of ZFAND5 to stimulate the activities of the 26S complex raises many
intriguing mechanistic and physiological questions, such as: Why is ZFAND5 important
specifically in muscle atrophy? Is it simply accelerating proteasome function? Its physio-
logical roles in other cells remain an important topic for further study. Because ZFAND5
interacts with both ubiquitin and proteasomes and accelerates the hydrolysis of ubiquiti-
nated proteins, ZFAND5 may serve on the proteasome as an additional binding site for
ubiquitinated substrates, or it may function in an analogous manner to a shuttling factor
(such as Rad23B) to deliver certain ubiquitin conjugates to the proteasome and activate its
degradative capacity. However, its structure differs completely from the UBL-UBA shut-
tling factors and from the proteasome’s known ubiquitin receptors. Moreover, it remains
unclear how or why the acceleration of protein degradation in atrophying muscles would
depend on such an additional “shuttling factor”.

Furthermore, unlike the standard cellular shuttling factors that are present in all
cells, ZFAND5 is not a very stable cell constituent. Even in muscle, it is rapidly degraded
(e.g., especially upon heat shock). In other cells, it is induced by several inflammatory
mediators [53]. Interestingly, after exposure to proinflammatory cytokines (TNF-α and
IFN-γ), the most abundant peptides being degraded by proteasomes are derived from
ZFAND5 [54]. Thus, in many cells, ZFAND5 appears to be both rapidly induced and then
rapidly destroyed. However, its high levels in the heart and brain suggest that ZFAND5 is
more stable and plays distinct roles in proteostasis in those organs. Although ZFAND5
is clearly a novel type of proteasome activator that helps to stimulate proteolysis by the
UPS in atrophying muscles when degradation rates are most rapid, its mechanisms in
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stimulating proteasomal activity, as well as its physiological role in non-muscle tissues, are
important topics for future work to unravel.

6. Activation of Proteasomes and Protein Degradation by cAMP and PKA

A large number of post-synthetic modifications of 26S proteasome subunits have been
reported, especially phosphorylation [13], which has been proposed to influence the local-
ization [55], activity [56], and formation [57,58] of the 26S proteasome. Phosphorylation of
one of the 19S ATPases, Rpt6, in neurons by Ca2+/calmodulin-dependent protein kinase II
(CaMKII) has been reported to cause proteasome entry into dendrites and promote synaptic
plasticity [55,59]. Moreover, phosphorylation of Rpt6 by cAMP-dependent proteins kinase
(PKA) was reported to increase proteasome activity against small peptides [56,60,61]. How-
ever, the effects of these modifications on the proteasome’s capacity to degrade ubiquitin
conjugates and on protein degradation in cells were not examined. We therefore decided to
systematically investigate the possible effects of cAMP and PKA on proteasome function
and protein degradation by the UPS [15]. Our studies led to several surprising and novel
insights—most importantly, that PKA phosphorylates the 19S subunit Rpn6 (and not Rpt6)
and thus stimulates several key proteasomal processes, and that PKA activation also en-
hances the cell’s capacity to degrade short-lived ubiquitinated proteins, including various
aggregation-prone proteins that cause major neurodegenerative diseases.

These exciting conclusions are based on a large variety of pharmacological and bio-
chemical findings [37]. (1) The activation of adenylate cyclase with forskolin stimulated
within minutes PKA and proteasomal activity. (2) 26S proteasomes were also more active
upon treatment with rolipram, an inhibitor of PDE4, the enzyme that hydrolyzes and inacti-
vates cAMP (Figure 5). (3) Forskolin caused a similar activation of proteasomes in multiple
cell lines, including HEK293A, neuroblastoma, myotubes, and cardiomyocytes, and in
collaborative studies, we found a stimulation of proteasome activity in the brain upon
treatment of mice [18] or zebrafish [16] with rolipram. (4) These stimulatory effects on the
proteasome could be blocked by the PKA inhibitor, H89. (5) Enhanced peptidase activity
was observed also after purified 26S proteasomes were treated with recombinant PKA. (6)
Conversely, this enhancement of proteasome activities was reversed by phosphatase treat-
ment with protein phosphatase. (7) Incorporation of the overexpressed phosphomi-metic
mutant (S14D) of Rpn6 into the proteasome also enhanced peptidase activity. (8) After
rolipram treatment, PKA’s catalytic subunit was found in association with the 26S particles.
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Figure 5. 26S proteasomes from mouse myotubes treated with the PDE4 inhibitor, rolipram, are
more active in hydrolyzing peptides and a ubiquitinated protein. C2Cl2 myotubes were incubated
with rolipram, and, at different times, samples were taken and 26S proteasomes purified by the UBL
method (Left Panel). Chymotrypsin-like peptidase activity was increased in the treated cells. (Right
Panel) After 6 h treatment of cells with rolipram, the purified proteasomes show a greater capacity to
degrade ubiquitinated 32P-Sic1 (adapted from [15]). (Mean of three experiments ± SEM; * denotes
p < 0.01).

To study the possible effects of cAMP and proteasome activation on protein breakdown
in cells, we used radioactive amino acids to label different fractions of cell proteins [62] and
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made the important, unexpected finding that raising cAMP levels in cells promotes the
breakdown of short-lived proteins but does not affect the degradation of the bulk of cell
proteins [15]. In addition, forskolin treatment enhanced the rapid degradation of several
short-lived model UPS substrates, including GFP fusions ubiquitinated via the CL1 degron,
the N-end rule pathway, and the UFD pathway. Although these substrates are ubiquitinated
at distinct rates by different ubiquitin ligases, their degradation was enhanced similarly.
Since these long-lived cell components are also degraded primarily by the UPS [63,64], it is
unclear how PKA selectively enhanced the proteasomal degradation of these short-lived
proteins without affecting the degradation of the bulk of cell proteins. Possibly, for these
long-lived components, ubiquitination rather than proteasome function is the rate-limiting
step in their degradation. On the other hand, these experiments indicated that cAMP
via PKA also increases in minutes the total levels of ubiquitinated proteins in the cells.
Therefore, it remains possible that PKA promotes the selective ubiquitination of certain
short-lived cell proteins as well as their enhanced degradation by proteasomes.

The treatments that raised cAMP in cells and stimulated proteolysis enhanced the
capacity of their 26S proteasomes to degrade model ubiquitinated proteins (Ubn-Sic1
and Ub5-DHFR). Degradation of ubiquitin conjugates involves many ATP-dependent
steps [31,65]; PKA-induced phosphorylation enhanced the two intermediate steps that we
can measure, the rate of peptide entry and hydrolysis by the 20S particle and also ATP
hydrolysis. Both steps are also activated upon binding of a ubiquitinated substrate, as
discussed above, but the proteasome activation by the substrate was found to be additive
with the activation by Rpn6 phosphorylation and presumably involves distinct mechanisms.
The enhanced ATPase activity of these proteasomes is of particular interest since substrate
unfolding, deubiquitination, and translocation are all ATP-dependent processes [31,65],
and the rate of ubiquitin conjugate breakdown is directly proportional to the rate of ATP
consumption [9]. Therefore, the enhanced ATP hydrolysis probably drives the increased
capacity to digest ubiquitin substrates.

While several polypeptides were phosphorylated in the proteasomal preparations,
mass spectrometry and antibody analysis identified Rpn6 as the only proteasomal subunit
that was consistently phosphorylated and correlated with activation [15]. In multiple
studies, we could not confirm modification of the ATPase subunit Rpt6 by PKA, as had
been reported previously [56]. Rpn6 appears ideally situated to influence multiple 26S
functions. It is a component of the 19S lid and seems to function as a molecular clamp
that interacts with both the ATPase ring and the 20S core particle [66]. The special role in
Rpn6 of Serine 14 has also been supported by the mutagenesis of plasmids, specifically
by the capacity of phosphomimetic mutant (S14D) to enhance and the “phospho-null”
S14A mutation to decrease both proteasome activity and the clearance of aggregation-
prone proteins in cells. It is noteworthy that prior studies have indicated an additional
important regulatory role of Rpn6. Overexpression of WT Rpn6 was shown to enhance
somehow proteasomal peptidase activities in C. elegans [67] and human stem cells [68] and
to even enhance the longevity of C. elegans [67]. Perhaps these intriguing effects of Rpn6
overexpression are related to its activation by PKA and enhanced elimination of misfolded
proteins or to its structural role in clamping together the 19S and 20S complexes.

7. cAMP Promoted Degradation of Disease-Causing Mutated Proteins

In principle, pharmacological agents that enhance proteasome function could be very
valuable in combating various diseases resulting from the toxic accumulation of misfolded
proteins. In the major neurodegenerative diseases (e.g., amyotrophic lateral sclerosis (ALS),
Alzheimer’s, Parkinson’s, and Huntington’s disease), aggregation-prone proteins build
up, often as protein inclusions that contain ubiquitin chains and proteasomes [69]. One
important factor that seems to contribute to the pathogenesis of neurodegenerative diseases
is the progressive impairment of the capacity of the UPS to degrade misfolded proteins. In
fact, several studies of neurodegenerative disease models have suggested that proteasome
function is impaired when these misfolded proteins accumulate in cells [18,69–71].
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Our studies in cell cultures and our collaborative studies in mouse and zebrafish
models indicate that raising cyclic AMP can augment the degradation of WT and mu-
tant forms of tau, FUS, TDP43, SOD1, and huntingtin, all of which are implicated in the
pathogenesis of major neurodegenerative diseases. In collaboration with Natura Myeku
and Karen Duff (Columbia University), we investigated the effects of tau accumulation
on proteasome function in the mouse brain in a model of tauopathy and degradation of
misfolded proteins by the UPS via a UPS reporter mouse line expressing Ub-G76V-GFP [18].
The gradual accumulation of insoluble mutant tau was associated with a decrease in the
peptidase activity of brain 26S proteasomes, higher levels of ubiquitinated proteins, and
an accumulation of undegraded Ub-G76V-GFP. Purified 26S proteasomes from mice with
the tauopathy were less active in hydrolyzing ubiquitinated proteins, small peptides, and
ATP. However, administration of rolipram restored proteasome function in the mouse
brains, presumably through proteasome subunit phosphorylation by PKA. This treatment
of the mice decreased levels of aggregated tau and even improved their cognitive perfor-
mance [18]. More recently, Myeku has confirmed these findings with other treatments
that raise cAMP [72]. Interestingly, in cell culture and in the mouse tauopathy model,
raising cAMP decreased the content of mutated tau and these other aggregation-prone
proteins in both soluble and insoluble (i.e., aggregated) fractions by a proteasomal process
and not through autophagy. Because the capacity of proteasomes to digest large protein
aggregates is limited, the rapid decrease in these protein aggregates probably occurred
through accelerated hydrolysis of soluble tau or micro-aggregates of tau before the mutated
species formed large aggregates [16].

It is also noteworthy that rolipram treatment of the transgenic mice accelerated the
clearance of mutant tau only in the early stages of the disease, where raising cAMP not only
enhanced proteasome activity in the brain and promoted the clearance of ubiquitinated
proteins and hyperphosphorylated tau [18]. In these animals, the gradual accumulation of
mutant tau correlated with the progressive decline in proteasomal capacity for peptide and
ubiquitin conjugate degradation. In other words, the same processes that decreased with
disease progression were stimulated by PKA in vitro and were reversed by rolipram in vivo.
More recently, in collaboration with David Rubinsztein and coworkers (Cambridge Institute
of Medical Research), using zebrafish models of Alzheimer’s and Huntington’s disease, we
showed that rolipram also promotes the clearance of two different disease-associated tau
mutants and a mutant huntingtin exon 1 containing a 71-polyglutamine expansion [16].
Furthermore, rolipram treatment decreased the associated neuronal death as well as the
developmental abnormalities resulting from overexpression of these aggregation-prone
proteins. Interestingly, agents that raise cAMP have also been reported to improve memory
in humans, including Alzheimer’s disease patients [73,74]. These findings together certainly
raise the possibility that such agents may also be useful to help to clear the toxic proteins
and thus slow the progression of neurodegenerative diseases.

8. Hormones That Raise cAMP Stimulate Proteasomes and Protein Degradation

Because cAMP and PKA mediate many diverse hormonal responses and physiological
responses, we also investigated whether a similar proteasome activation occurs in vivo
in various physiological conditions that raise cAMP. The first cAMP-mediated metabolic
response discovered by Sutherland and coworkers was the stimulation of hepatic glycogen
breakdown by epinephrine (e.g., as occurs in exercise) and glucagon (e.g., as occurs in
fasting). We found that treatment of mouse hepatocytes with epinephrine or glucagon
also stimulated Rpn6 phosphorylation and the 26S proteasomes’ capacity to degrade
ubiquitinated proteins and peptides in a very similar fashion to forskolin (Figure 6) [17].

Moreover, like forskolin, these hormones promoted the selective degradation in the
hepatocytes of short-lived proteins, which include misfolded and regulatory proteins, but
not the bulk of cell proteins. In additional experiments, proteasome activities and Rpn6
phosphorylation were also shown to increase similarly in working perfused rat hearts
following epinephrine treatment, and also in leg muscle biopsies from exercising human
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volunteers, and in electrically stimulated rat hindlimb muscles [16]. Furthermore, in wild-
type mouse kidney cells, but not in cells lacking PKA, treatment with the antidiuretic
hormone, vasopressin, stimulated within 5 min proteasomal activity, Rpn6 phosphoryla-
tion, and the selective degradation of short-lived cell proteins. In livers and skeletal muscles
of mice fasted overnight, cAMP levels, Rpn6 phosphorylation, and proteasomal-specific
activities increased without any change in proteasomal content [16].
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Figure 6. In mouse hepatocytes, glucagon and epinephrine, like forskolin, rapidly stimulate break-
down of short-lived proteins and the proteasomes’ ability to degrade ubiquitinated substrates. (Left
Panel) Short-lived proteins in primary mouse hepatocytes were initially labeled for 20 min with
3H-phenylanine, as described previously [62,64]. After labeling and re-suspension in chase medium,
degradation was measured in the presence of glucagon or forskolin. (Right Panel) 26S proteasomes
were purified by the UBL method from (nonlabeled) mouse hepatocytes treated for 1 h with either
forskolin, epinephrine, glucagon, or the vehicle. These treatments increased the ability of proteasomes
to degrade the model UPS substrate, ubiquitinated 32P-labeled dihydrofolate reductase (adapted
from [16]).

These observations in diverse cells and tissues clearly demonstrated that proteasome
activation and enhanced degradation of short-lived proteins are physiological responses to
cAMP and not just pharmacological artifacts. These findings also confirmed our earlier
conclusion that Rpn6-S14 is a bona fide PKA target [15] and that it is phosphorylated
in vivo under very different physiological conditions [17]. In our prior study [15], and
in mass spectrometry studies of exercising human muscles [75], there was no change in
the phosphorylation of the ATPase subunit Rpt6, which had been initially reported to be
modified by PKA [56], by CaMKII [76], and by PKG [77,78].

Proteasomal activity and the ability to degrade short-lived cell proteins thus appear
to rise together with the increased glycogenolysis and triglyceride breakdown that are
induced in the liver, muscle, and heart by epinephrine via cAMP during the fight-or-
flight response and in the liver by glucagon in fasting. In tissues of fasted mice, even
up to 2 days, when degradation rates are very high, proteasomal activities increased
without any changes in 26S content. There has been appreciable controversy about how
starvation affects proteasome content in cultured mammalian cells. Proteasome levels
have been reported to rise very rapidly upon nutrient deprivation [79], to fall slowly due
to accelerated autophagy [80], or to remain unchanged for many hours [64]. Whatever
the basis for these divergent results in cultured cells, the physiological mechanism to
increase the capacity for protein degradation in fasting in vivo is through post-synthetic
modification of proteasomes, not through the production of new proteasomes [17].

This increased proteasome activity in mouse muscles and liver was clearly evident
by 12 h after food was removed from fed animals and thus represents a rather rapid
metabolic response to food deprivation. This timing suggests that a similar enhancement
of proteolysis should also occur in humans in these tissues after an overnight fast (i.e.,
between dinner and breakfast). Incidentally, this rapid response long precedes the FoxO-
mediated induction of ubiquitin ligases and autophagy genes that leads to muscle wasting,
especially the breakdown of myofibrils, which is evident in rat and mouse muscles at
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1–2 days after food deprivation [81]. Moreover, the FoxO-mediated response stimulates the
breakdown of long-lived proteins, the great bulk of cell proteins, to provide the starving
organism with amino acids for gluconeogenesis and energy production and thus serves
distinct physiological functions from the PKA-mediated enhancement of the degradation
of short-lived proteins.

9. Activation of Proteasomes and Protein Degradation by cGMP and PKG

Because of these exciting discoveries about cAMP and PKA and especially their ability
to enhance the cell’s capacity to degrade disease-associated, mutant proteins, we decided
to investigate whether other signal transduction systems had similar effects and focused
on cGMP and protein kinase G (PKG) [16]. While cAMP serves as a second messenger
for multiple neurotransmitters and peptide hormones, cGMP functions as an intracellular
second messenger that is synthesized by soluble guanylyl cyclases in response to NO,
certain peptide hormones (e.g., natriuretic peptides), and certain cholinergic agents. Most
interest in cGMP has focused on its mediating peripheral smooth muscle relaxation, which
has major medical applications. For example, the inhibitors of the cGMP-specific phospho-
diesterase 5 (PDE5), sildenafil or tadalafil, are widely used to treat erectile dysfunction and
pulmonary hypertension, while stimulators of cGMP synthesis (e.g., Riociguat) are used
clinically to treat cardiac failure. While other protein kinases may also activate the UPS
and may also have therapeutic applications against neurodegenerative diseases, we have
focused on the new actions of cAMP and cGMP because of the extensive knowledge already
available about their pharmacology and physiology. Although raising cAMP globally has
been shown to have untoward effects (e.g., nausea and emesis) that have prevented its
usage in patients, treatments that raise cGMP do not elicit such effects, can enhance cerebral
blood flow, and can also promote memory in human [82].

The ability of cGMP and PKG to alter protein turnover generally or to combat the
progression of neurodegenerative disease had not been studied systematically. In a mouse
model of a cardiomyopathy caused by overexpression of mutant αβ crystallin, Ranek
et al. [78] showed that treatment with sildenafil to raise cGMP could increase proteasomal
peptidase activity in the heart and reduce the levels of mutant αβ-crystallin and cardiac
hypertrophy, thus indicating that raising cGMP may have therapeutic potential in treating
hereditary cardiomyopathies [83]. However, it was not clear how cGMP altered proteasome
activity, whether these intriguing effects were specific to the heart or if cGMP may enhance
breakdown of intracellular proteins generally, and whether it may also influence protein
ubiquitination or autophagy. We therefore investigated these important questions.

Extensive studies in our lab by Jordan VerPlank demonstrated that cGMP and PKG
also stimulate multiple proteasome activities and cellular proteolysis by the UPS without
any effect on autophagy (Figure 7).
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autophagy. Proteins in SY5Y cells were prelabeled with 3H-phenylanine for 20 h to label long-lived
cell proteins as described previously [62,64]. Proteasomal degradation reflects the net decrease in total
protein breakdown in the presence of the proteasome inhibitor bortezomib. Lysosomal degradation
represents the net decrease in the presence of the inhibitor of lysosome acidification concanamycin A
(adapted from [16]).
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The experiments implicating cGMP and PKG in proteasome regulation [16] resembled
our earlier studies with cAMP and PKA. (1) Treating SY5Y neuroblastoma cells as well
as several other cell lines with either of two inhibitors of phosphodiesterase 5, which
hydrolyzes cGMP selectively, or with a stimulator of soluble guanylyl cyclase (Riociguat or
BAY41-2722) rapidly enhanced proteasome peptidase activity. (2) After affinity purification
from the treated cells, the 26S proteasomes hydrolyzed peptides by the chymotrypsin-,
trypsin-, and caspase-like sites 2–3-fold faster, consumed ATP faster, and showed an
enhanced capacity to degrade a model ubiquitinated substrate. These findings clearly
indicated activation of the 19S Regulatory Particle, whose ATPase activity drives ubiquitin
conjugate degradation and substrate entry into the core 20S particle. (3) These effects
of cGMP could be blocked by inhibitors of PKG and (4) appear physiologically relevant,
since similar findings were obtained when we used the cholinergic agonist carbachol
to raise cGMP. (5) Proteasome activation resulted from direct phosphorylation by PKG
because treatment of purified 26S proteasomes with recombinant PKG stimulated their
peptidase activity, while (6) incubation with Lambda phosphatase reversed this activation
and also reversed the activation induced in cells by sildenafil treatment. To our surprise,
in stimulating purified proteasomes, or in cells, PKG did not modify Rpn6, the subunit
phosphorylated by protein kinase A, or Rpt6, as had been suggested previously [56].
Despite appreciable effort and extensive mass spectrometry, we unfortunately still have
not succeeded in identifying the key component of the 26S particle that is phosphorylated
and causes the enhanced catalytic activities.

Although the 26S proteasomes activated by treatments that raise cGMP behaved simi-
larly to those from cells where cAMP levels rose, the effects on cAMP and cGMP on cellular
protein degradation were quite different. Experiments with radiolabeled amino acids
showed that raising cGMP, like raising cAMP, stimulated the degradation of short-lived
proteins [16]. However, unlike cAMP, cGMP also markedly increased the degradation of
the long-lived components (the bulk of cell proteins) without affecting lysosomal proteoly-
sis (Figure 7). In addition to stimulating proteasome activity and cellular proteolysis within
five minutes, these treatments simultaneously raised the cellular level of ubiquitinated
proteins, whose levels gradually returned to baseline in the next hour or two. Because of the
simultaneous enhancement of ubiquitin conjugate degradation by proteasomes, this rise in
ubiquitin conjugates must underestimate the actual stimulation of protein ubiquitination
by PKG.

Naturally, we also tested if raising cGMP, like raising cAMP, can promote the degra-
dation of mutant proteins that cause neurodegenerative diseases [16]. Our collaborators,
Prof David Rubinsztein and coworkers at Cambridge University, using their zebrafish
larvae models of tauopathies and Huntington’s disease, showed that treatment of these
fish with sildenafil for four days reduced the levels of the mutant tau and huntingtin.
Interestingly, these effects were indistinguishable from results obtained upon treatment
of the zebrafish with rolipram to raise cAMP, presumably because both PKA and PKG
stimulate clearance of the misfolded toxic proteins. These findings are of particular interest
because treatment of zebrafish models of Frontotemporal Dementia and Huntington’s
disease with the PDE5 or the PDE4 inhibitors not only promoted the selective degradation
of the disease-associated hyperphosphorylated tau mutants (A152T and P301L), as well as
huntingtin containing a 71-polyQ sequence, but both treatments also reduced the associated
neuronal death and the marked developmental abnormalities seen upon expression of
these mutant proteins (Figure 8).

To further test if agents that raise cGMP may help to combat the progression of
other neurological diseases, in collaboration with Laura Feltri and Lawrence Wrabetz
(SUNY, Buffalo) in still unpublished studies, we studied a mouse model of Charcot Marie
Tooth 1B, a demyelinating neuropathy caused by the expression of mutant myelin protein
zero (S63del). In the sciatic nerve of the S63del mouse, 26S proteasome activities are
reduced, ubiquitinated proteins accumulate, and the Unfolded Protein Response (UPR) is
activated. Treatment of the mice with sildenafil for 5 days restored proteasome function
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and reduced levels of polyubiquitinated proteins and markers of the UPR. Remarkably,
myelin thickness, decreased amyelinated axons, and improved nerve conduction were
observed. Thus, through its ability to stimulate proteasome activity and intracellular
protein homeostasis, pharmacological agents that raise cGMP have the potential to combat
diverse neurodegenerative and other proteotoxic diseases.
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Figure 8. Raising cGMP levels promotes the clearance of mutant proteins in zebrafish models of
a tauopathy and Huntington’s disease. (Left Panel) Zebrafish larvae expressing the tauopathy-
associated A15T mutation in neurons were treated with sildenafil for 5 days. Their content of the
hyperphosphorylated tau, expressed as a fraction of the total tau, was decreased, indicating selective
degradation of the disease-associated species. (Right Panel) In zebrafish larvae expressing huntingtin
with a 71-glutamine repeat in the retinal photoreceptor cells, sildenafil treatment for 5 days also
reduced the number of huntingtin aggregates (adapted from [16]). (* denotes p < 0.05, ** p < 0.01, and
*** p < 0.001).

10. Implications of These Findings

Together, these studies have led to an important, new insight into the functioning of the
UPS and proteostasis. It was widely assumed that the cell’s capacity for degradation is fixed.
However, these studies with cAMP clearly demonstrate that a variety of hormones that
activate adenylate cyclases, but have diverse physiological roles, all stimulate proteasome
activity and the selective degradation of short-lived cell proteins. Moreover, these responses
are surprisingly rapid. After vasopressin addition to renal epithelial cells, proteasome
activity and Rpn6-S14 phosphorylation rose maximally within 5 min and returned to control
levels by 60 min [16]. Similarly, pharmacological treatments or cholinergic agents that raise
cGMP also cause a very rapid activation of proteasomes, ubiquitin conjugation, and protein
degradation in cells. Thus, the cell’s capacity for degradation by the UPS can change in
a highly dynamic fashion that has not been widely appreciated, and rapid increases and
decreases in the proteasomes’ degradative capacity through subunit phosphorylation must
be occurring frequently in different tissues in vivo.

The physiological importance of this new, dynamic regulation of proteasome function
remains unclear. Presumably, enhanced degradation of misfolded and damaged proteins
helps cells to maintain proteostasis during stress. In addition, the accelerated breakdown
of preexistent regulatory proteins induced by cAMP or cGMP can facilitate changes in cell
protein composition upon transitions to new physiological conditions (e.g., with fasting).
Activation of proteolysis by cAMP and cGMP was observed in many cell types and may
occur in nearly all mammalian cells. However, the specific consequences of this new
mechanism for regulating proteolysis in different cells remain to be determined.

Although the rate-limiting, highly selective step in proteolysis by the UPS is normally
substrate ubiquitination, the finding of proteasome activation implies that the degradation
of many proteins can also be regulated at the subsequent step, ubiquitin conjugate degra-
dation by the proteasome, and that the half-lives of many proteins can change rapidly with
alterations in the proteasome’s phosphorylation state. This ability of PKA, DYRK2, and
PKG to enhance rates of proteolysis by increasing proteasome activity represents a new
mode of regulation of protein breakdown [12,13]. While control of ubiquitination rates
influences the levels of individual proteins or small groups of related proteins, control of
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proteasome function allows more global, coordinated regulation of the degradation of large
classes of proteins.

These two mechanisms to regulate degradation by the UPS do not necessarily function
independently. In fact, in addition to enhancing proteasomal activity, cAMP and cGMP
stimulate within minutes the ubiquitination of some cell proteins [15,16], suggesting that
these two mechanisms to increase proteolysis are activated simultaneously by PKA and
PKG (although only cGMP affects the long-lived cell constituents). Possibly, the selective
ubiquitination of short-lived proteins by PKA may account for their preferential destruction
when cAMP levels rise. This control of proteolysis by ubiquitination and proteasomal
activities seems analogous to the two levels for the control of protein production. Tran-
scriptional regulation of gene expression allows the highly selective control of the levels of
specific proteins or groups of related proteins (such as ubiquitination), while the global reg-
ulation of ribosomal translation influences the rates of the production and accumulation of
large classes of cell proteins (such as regulating proteasomal function). The discovery that
PKA and PKG can both stimulate this initial step in the pathway, as well as proteasomal
function, are of further therapeutic importance, as well as biochemical interest, because
they suggest a multistep enhancement of protein quality control by these signaling systems.
These studies also indicate many fundamental questions for further study, such as which
specific cell proteins are being ubiquitinated in response to cAMP and cGMP and degraded,
how PKA and PKG enhance ubiquitination, and which specific enzymes are involved in
accelerating this key step.

The present studies also strongly suggest that fasting, exercise, or other conditions
that raise cAMP or cGMP levels might also be beneficial in promoting the clearance
of potentially toxic proteins and stimulating protein degradation in diseases in which
proteasome function is impaired [18,69,70,84]. A fundamental question raised by these
findings is why the cell’s degradative capacity, especially its ability to destroy misfolded or
damaged proteins, is not normally maintained at maximal levels to provide cells protection,
and why the capacity to destroy such proteins is activated by cAMP and PKA during
exercise and fasting. Presumably, maintaining proteasomes in a continually activated
state has negative consequences and could lead to excessive degradation of some critical
regulatory proteins.

The rapid enhancement of the cell’s capacity to degrade short-lived proteins during
exercise is of particular physiological interest. Such proteins represent only a minor fraction
of cell constituents; therefore, even their complete hydrolysis and metabolism of the con-
stituent amino acids cannot provide a significant source of energy to a fasting or exercising
organism. Perhaps, after exercise, the enhanced capacity to degrade misfolded proteins en-
ables the muscles to eliminate proteins damaged mechanically by the repeated contractions
or by free radicals generated by mitochondrial metabolism. Another attractive possibility
would be that the PKA-accelerated degradation of short-lived regulatory proteins with
exercise, early in fasting, or in various hormonal responses facilitates adaptive changes
in the cell’s protein composition. As these cells adapt to new physiological conditions, it
would seem advantageous to degrade certain preexistent regulatory proteins or critical
enzymes that are deleterious under the new conditions. In such cells, cAMP and cGMP
also stimulate via CREB the expression of new proteins which are more appropriate for
these new conditions. More rapid elimination of some preexistent regulatory proteins
could synergize with this enhancement of new gene expression to promote the cellular
adaptation to the new physiological states.

Author Contributions: Writing—Original Draft Preparation, A.L.G., H.T.K., D.L. and G.A.C.; Writing—
Review & Editing, A.L.G., H.T.K., D.L. and G.A.C.; Visualization, A.L.G., H.T.K., D.L. and G.A.C.; Fund-
ing Acquisition, A.L.G. All authors have read and agreed to the published version of the manuscript.

Funding: We are grateful for funding from the NIH National Institute of General Medical Sciences
Grant R01 GM051923-20, Cure Alzheimer’s Fund, Muscular Dystrophy Association Grant MDA-
419143, and Project ALS grant (to A.L.G.).



Biomolecules 2021, 11, 779 19 of 22

Acknowledgments: We wish to thank Amelia Gould for her expert assistance in the preparation of
this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Besche, H.C.; Goldberg, A.L. Affinity Purification of Mammalian 26S Proteasomes Using an Ubiquitin-Like Domain. Adv. Struct.

Saf. Stud. 2012, 832, 423–432. [CrossRef]
2. Peth, A.; Besche, H.C.; Goldberg, A.L. Ubiquitinated Proteins Activate the Proteasome by Binding to Usp14/Ubp6, which Causes

20S Gate Opening. Mol. Cell 2009, 36, 794–804. [CrossRef] [PubMed]
3. Peth, A.; Kukushkin, N.; Bossé, M.; Goldberg, A.L. Ubiquitinated Proteins Activate the Proteasomal ATPases by Binding to Usp14

or Uch37 Homologs*. J. Biol. Chem. 2013, 288, 7781–7790. [CrossRef] [PubMed]
4. Kim, H.T.; Goldberg, A.L. The deubiquitinating enzyme Usp14 allosterically inhibits multiple proteasomal activities and

ubiquitin-independent proteolysis. J. Biol. Chem. 2017, 292, 9830–9839. [CrossRef] [PubMed]
5. Kim, H.T.; Goldberg, A.L. UBL domain of Usp14 and other proteins stimulates proteasome activities and protein degradation in

cells. Proc. Natl. Acad. Sci. USA 2018, 115, E11642–E11650. [CrossRef]
6. Hanna, J.; Hathaway, N.A.; Tone, Y.; Crosas, B.; Elsasser, S.; Kirkpatrick, D.S.; Leggett, D.S.; Gygi, S.P.; King, R.W.; Finley, D.

Deubiquitinating Enzyme Ubp6 Functions Noncatalytically to Delay Proteasomal Degradation. Cell 2006, 127, 99–111. [CrossRef]
7. Peth, A.; Uchiki, T.; Goldberg, A.L. ATP-dependent steps in the binding of Ubiquitin Conjugates to the 26S Proteasome that

commit to degradation. Mol. Cell 2010, 40, 671–681. [CrossRef]
8. Collins, G.A.; Goldberg, A.L. Proteins containing ubiquitin-like (Ubl) domains not only bind to 26S proteasomes but also induce

their activation. Proc. Natl. Acad. Sci. USA 2020, 117, 4664–4674. [CrossRef]
9. Peth, A.; Nathan, J.A.; Goldberg, A.L. The ATP costs and time required to degrade ubiquitinated proteins by the 26 S Proteasome.

J. Biol. Chem. 2013, 288, 29215–29222. [CrossRef]
10. Lee, D.; Takayama, S.; Goldberg, A.L. ZFAND5/ZNF216 is an activator of the 26S proteasome that stimulates overall protein

degradation. Proc. Natl. Acad. Sci. USA 2018, 115, E9550–E9559. [CrossRef]
11. Hishiya, A.; Iemura, S.-I.; Natsume, T.; Takayama, S.; Ikeda, K.; Watanabe, K. A novel ubiquitin-binding protein ZNF216

functioning in muscle atrophy. Embo J. 2006, 25, 554–564. [CrossRef] [PubMed]
12. Guo, X.; Huang, X.; Chen, M.J. Reversible phosphorylation of the 26S proteasome. Protein Cell 2017, 8, 255–272. [CrossRef]

[PubMed]
13. VerPlank, J.J.; Goldberg, A.L. Regulating protein breakdown through proteasome phosphorylation. Biochem. J. 2017, 474,

3355–3371. [CrossRef] [PubMed]
14. Guo, X.; Wang, X.; Wang, Z.; Banerjee, S.; Yang, J.; Huang, L.; Dixon, J.E. Site-specific proteasome phosphorylation controls cell

proliferation and tumorigenesis. Nat. Cell Biol. 2016, 18, 202–212. [CrossRef] [PubMed]
15. 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 2015, 112, E7176–E7185. [CrossRef]
16. VerPlank, J.J.S.; Tyrkalska, S.D.; Fleming, A.; Rubinsztein, D.C.; Goldberg, A.L. cGMP via PKG activates 26S proteasomes and

enhances degradation of proteins, including ones that cause neurodegenerative diseases. Proc. Natl. Acad. Sci. USA 2020, 117,
14220–14230. [CrossRef]

17. VerPlank, J.J.S.; Lokireddy, S.; Zhao, J.; Goldberg, A.L. 26S Proteasomes are rapidly activated by diverse hormones and physiolog-
ical states that raise cAMP and cause Rpn6 phosphorylation. Proc. Natl. Acad. Sci. USA 2019, 116, 4228–4237. [CrossRef]

18. Myeku, N.; Clelland, C.L.; Emrani, S.; Kukushkin, N.V.; Yu, W.H.; Goldberg, A.L.; E Duff, K. Tau-driven 26S proteasome
impairment and cognitive dysfunction can be prevented early in disease by activating cAMP-PKA signaling. Nat. Med. 2016, 22,
46–53. [CrossRef]

19. Friguet, B.; Bulteau, A.-L.; Chondrogianni, N.; Conconi, M.; Petropoulos, I. Protein degradation by the proteasome and its
implications in aging. Ann. N. Y. Acad. Sci. 2006, 908, 143–154. [CrossRef]

20. Inobe, T.; Fishbain, S.; Prakash, S.; Matouschek, A. Defining the geometry of the two-component proteasome degron. Nat. Chem.
Biol. 2011, 7, 161–167. [CrossRef]

21. Prakash, S.; Tian, L.; Ratliff, K.S.; E Lehotzky, R.; Matouschek, A. An unstructured initiation site is required for efficient
proteasome-mediated degradation. Nat. Struct. Mol. Biol. 2004, 11, 830–837. [CrossRef] [PubMed]

22. Aufderheide, A.; Beck, F.; Stengel, F.; Hartwig, M.; Schweitzer, A.; Pfeifer, G.; Goldberg, A.L.; Sakata, E.; Baumeister, W.; Förster, F.
Structural characterization of the interaction of Ubp6 with the 26S proteasome. Proc. Natl. Acad. Sci. USA 2015, 112, 8626–8631.
[CrossRef] [PubMed]

23. Bashore, C.; Dambacher, C.M.; Goodall, E.A.; Matyskiela, M.E.; Lander, G.C.; Martin, A. Ubp6 deubiquitinase controls conforma-
tional dynamics and substrate degradation of the 26S proteasome. Nat. Struct. Mol. Biol. 2015, 22, 712–719. [CrossRef]

24. Huang, X.; Luan, B.; Wu, J.; Shi, Y. An atomic structure of the human 26S proteasome. Nat. Struct. Mol. Biol. 2016, 23, 778–785.
[CrossRef]

25. Crosas, B.; Hanna, J.; Kirkpatrick, D.S.; Zhang, D.P.; Tone, Y.; Hathaway, N.A.; Buecker, C.; Leggett, D.S.; Schmidt, M.; King, R.W.;
et al. Ubiquitin chains are remodeled at the proteasome by opposing ubiquitin ligase and deubiquitinating activities. Cell 2006,
127, 1401–1413. [CrossRef] [PubMed]

http://doi.org/10.1007/978-1-61779-474-2_29
http://doi.org/10.1016/j.molcel.2009.11.015
http://www.ncbi.nlm.nih.gov/pubmed/20005843
http://doi.org/10.1074/jbc.M112.441907
http://www.ncbi.nlm.nih.gov/pubmed/23341450
http://doi.org/10.1074/jbc.M116.763128
http://www.ncbi.nlm.nih.gov/pubmed/28416611
http://doi.org/10.1073/pnas.1808731115
http://doi.org/10.1016/j.cell.2006.07.038
http://doi.org/10.1016/j.molcel.2010.11.002
http://doi.org/10.1073/pnas.1915534117
http://doi.org/10.1074/jbc.M113.482570
http://doi.org/10.1073/pnas.1809934115
http://doi.org/10.1038/sj.emboj.7600945
http://www.ncbi.nlm.nih.gov/pubmed/16424905
http://doi.org/10.1007/s13238-017-0382-x
http://www.ncbi.nlm.nih.gov/pubmed/28258412
http://doi.org/10.1042/BCJ20160809
http://www.ncbi.nlm.nih.gov/pubmed/28947610
http://doi.org/10.1038/ncb3289
http://www.ncbi.nlm.nih.gov/pubmed/26655835
http://doi.org/10.1073/pnas.1522332112
http://doi.org/10.1073/pnas.2003277117
http://doi.org/10.1073/pnas.1809254116
http://doi.org/10.1038/nm.4011
http://doi.org/10.1111/j.1749-6632.2000.tb06643.x
http://doi.org/10.1038/nchembio.521
http://doi.org/10.1038/nsmb814
http://www.ncbi.nlm.nih.gov/pubmed/15311270
http://doi.org/10.1073/pnas.1510449112
http://www.ncbi.nlm.nih.gov/pubmed/26130806
http://doi.org/10.1038/nsmb.3075
http://doi.org/10.1038/nsmb.3273
http://doi.org/10.1016/j.cell.2006.09.051
http://www.ncbi.nlm.nih.gov/pubmed/17190603


Biomolecules 2021, 11, 779 20 of 22

26. Lee, B.-H.; Lee, M.J.; Park, S.; Oh, D.-C.; Elsasser, S.; Chen, P.-C.; Gartner, C.; Dimova, N.; Hanna, J.; Gygi, S.P.; et al. Enhancement
of proteasome activity by a small-molecule inhibitor of USP14. Nat. Cell Biol. 2010, 467, 179–184. [CrossRef]

27. Goldberg, A.L. The mechanism and functions of ATP-dependent proteases in bacterial and animal cells. Jbic J. Biol. Inorg. Chem.
1992, 203, 9–23. [CrossRef]

28. Menon, A.S.; Goldberg, A.L. Protein substrates activate the ATP-dependent protease La by promoting nucleotide binding and
release of bound ADP. J. Biol. Chem. 1987, 262, 14929–14934. [CrossRef]

29. Kuo, C.-L.; Goldberg, A.L. Ubiquitinated proteins promote the association of proteasomes with the deubiquitinating enzyme
Usp14 and the ubiquitin ligase Ube3c. Proc. Natl. Acad. Sci. USA 2017, 114, E3404–E3413. [CrossRef]

30. Leggett, D.S.; Hanna, J.; Borodovsky, A.; Crosas, B.; Schmidt, M.; Baker, R.T.; Walz, T.; Ploegh, H.; Finley, D. Multiple associated
proteins regulate proteasome structure and function. Mol. Cell 2002, 10, 495–507. [CrossRef]

31. Collins, G.A.; Goldberg, A.L. The logic of the 26S proteasome. Cell 2017, 169, 792–806. [CrossRef] [PubMed]
32. Burroughs, A.M.; Balaji, S.; Iyer, L.M.; Aravind, L. Small but versatile: The extraordinary functional and structural diversity of

the β-grasp fold. Biol. Direct 2007, 2, 18. [CrossRef] [PubMed]
33. Chen, L.; Madura, K. Rad23 promotes the targeting of proteolytic substrates to the proteasome. Mol. Cell. Biol. 2002, 22, 4902–4913.

[CrossRef] [PubMed]
34. Elsasser, S.; Gali, R.R.; Schwickart, M.; Larsen, C.N.; Leggett, D.S.; Müller, B.; Feng, M.T.; Tübing, F.; Dittmar, G.A.G.; Finley, D.

Proteasome subunit Rpn1 binds ubiquitin-like protein domains. Nat. Cell Biol. 2002, 4, 725–730. [CrossRef] [PubMed]
35. Rao, H.; Sastry, A. Recognition of specific ubiquitin conjugates is important for the proteolytic functions of the ubiquitin-associated

domain proteins Dsk2 and Rad23. J. Biol. Chem. 2002, 277, 11691–11695. [CrossRef]
36. Zhao, B.; Velasco, K.; Sompallae, R.; Pfirrmann, T.; Masucci, M.G.; Lindsten, K. The ubiquitin specific protease-4 (USP4) interacts

with the S9/Rpn6 subunit of the proteasome. Biochem. Biophys. Res. Commun. 2012, 427, 490–496. [CrossRef]
37. Faesen, A.C.; Dirac, A.M.; Shanmugham, A.; Ovaa, H.; Perrakis, A.; Sixma, T.K. Mechanism of USP7/HAUSP activation by its

C-terminal ubiquitin-like domain and allosteric regulation by GMP-synthetase. Mol. Cell 2011, 44, 147–159. [CrossRef]
38. Tanaka, K.; Suzuki, T.; Chiba, T. The ligation systems for ubiquitin and ubiquitin-like proteins. Mol. Cells 1998, 8, 503–512.
39. Randle, S.J. Structure and function of Fbxo7/PARK15 in Parkinson’s disease. Curr. Protein Pept. Sci. 2017, 18, 715–724. [CrossRef]
40. Guo, X.; Engel, J.L.; Xiao, J.; Tagliabracci, V.S.; Wang, X.; Huang, L.; Dixon, J.E. UBLCP1 is a 26S proteasome phosphatase that

regulates nuclear proteasome activity. Proc. Natl. Acad. Sci. USA 2011, 108, 18649–18654. [CrossRef]
41. Eisele, M.R.; Reed, R.G.; Rudack, T.; Schweitzer, A.; Beck, F.; Nagy, I.; Pfeifer, G.; Plitzko, J.M.; Baumeister, W.; Tomko, R.J.; et al.

Expanded coverage of the 26S proteasome conformational landscape reveals mechanisms of peptidase gating. Cell Rep. 2018, 24,
1301–1315.e5. [CrossRef] [PubMed]

42. Smith, D.M.; Kafri, G.; Cheng, Y.; Ng, D.; Walz, T.; Goldberg, A.L. ATP binding to PAN or the 26S ATPases causes association
with the 20S proteasome, gate opening, and translocation of unfolded proteins. Mol. Cell 2005, 20, 687–698. [CrossRef] [PubMed]

43. Zhu, Y.; Wang, W.L.; Yu, D.; Ouyang, Q.; Lu, Y.; Mao, Y. Structural mechanism for nucleotide-driven remodeling of the
AAA-ATPase unfoldase in the activated human 26S proteasome. Nat. Commun. 2018, 9, 1–12. [CrossRef] [PubMed]

44. Shi, Y.; Chen, X.; Elsasser, S.; Stocks, B.B.; Tian, G.; Lee, B.-H.; Zhang, N.; De Poot, S.A.H.; Tuebing, F.; Sun, S.; et al. Rpn1 provides
adjacent receptor sites for substrate binding and deubiquitination by the proteasome. Science 2016, 351, aad9421. [CrossRef]

45. Hamazaki, J.; Hirayama, S.; Murata, S. redundant roles of Rpn10 and Rpn13 in recognition of ubiquitinated proteins and cellular
homeostasis. PLoS Genet. 2015, 11, e1005401. [CrossRef]

46. Yun, J.-H.; Ko, S.; Lee, C.-K.; Cheong, H.-K.; Cheong, C.; Yoon, J.-B.; Lee, W. Solution structure and Rpn1 interaction of the UBL
domain of human RNA polymerase II C-terminal domain phosphatase. PLoS ONE 2013, 8, e62981. [CrossRef]

47. Aguileta, M.A.; Korac, J.; Durcan, T.M.; Trempe, J.-F.; Haber, M.; Gehring, K.; Elsasser, S.; Waidmann, O.; Fon, E.A.; Husnjak, K.
The E3 ubiquitin ligase parkin is recruited to the 26 S proteasome via the proteasomal ubiquitin receptor Rpn13. J. Biol. Chem.
2015, 290, 7492–7505. [CrossRef]

48. Sakata, E.; Yamaguchi, Y.; Kurimoto, E.; Kikuchi, J.; Yokoyama, S.; Yamada, S.; Kawahara, H.; Yokosawa, H.; Hattori, N.; Mizuno,
Y.; et al. Parkin binds the Rpn10 subunit of 26S proteasomes through its ubiquitin-like domain. Embo Rep. 2003, 4, 301–306.
[CrossRef]

49. Raasi, S.; Pickart, C.M. Rad23 Ubiquitin-associated Domains (UBA) Inhibit 26 S proteasome-catalyzed proteolysis by sequestering
Lysine 48-linked polyubiquitin chains. J. Biol. Chem. 2003, 278, 8951–8959. [CrossRef]

50. Aweida, D.; Cohen, S. Breakdown of filamentous myofibrils by the UPS–Step by Step. Biomolecules 2021, 11, 110. [CrossRef]
51. Lecker, S.H.; Jagoe, R.T.; Gilbert, A.; Gomes, M.; Baracos, V.; Bailey, J.; Price, S.R.; Mitch, W.E.; Goldberg, A.L. Multiple types of

skeletal muscle atrophy involve a common program of changes in gene expression. Faseb J. 2003, 18, 39–51. [CrossRef] [PubMed]
52. Bosanac, I.; Wertz, I.E.; Pan, B.; Yu, C.; Kusam, S.; Lam, C.; Phu, L.; Phung, Q.; Maurer, B.; Arnott, D.; et al. Ubiquitin binding to

A20 ZnF4 is required for modulation of NF-κB signaling. Mol. Cell 2010, 40, 548–557. [CrossRef] [PubMed]
53. Hishiya, A.; Ikeda, K.; Watanabe, K. A RANKL-Inducible GeneZnf216in Osteoclast differentiation. J. Recept. Signal Transduct.

2005, 25, 199–216. [CrossRef]
54. Wolf-Levy, H.; Javitt, A.; Eisenberg-Lerner, A.; Kacen, A.; Ulman, A.; Sheban, D.; Dassa, B.; Fishbain-Yoskovitz, V.; Carmona-

Rivera, C.; Kramer, M.P.; et al. Revealing the cellular degradome by mass spectrometry analysis of proteasome-cleaved peptides.
Nat. Biotechnol. 2018, 36, 1110–1116. [CrossRef]

http://doi.org/10.1038/nature09299
http://doi.org/10.1111/j.1432-1033.1992.tb19822.x
http://doi.org/10.1016/S0021-9258(18)48117-3
http://doi.org/10.1073/pnas.1701734114
http://doi.org/10.1016/S1097-2765(02)00638-X
http://doi.org/10.1016/j.cell.2017.04.023
http://www.ncbi.nlm.nih.gov/pubmed/28525752
http://doi.org/10.1186/1745-6150-2-18
http://www.ncbi.nlm.nih.gov/pubmed/17605815
http://doi.org/10.1128/MCB.22.13.4902-4913.2002
http://www.ncbi.nlm.nih.gov/pubmed/12052895
http://doi.org/10.1038/ncb845
http://www.ncbi.nlm.nih.gov/pubmed/12198498
http://doi.org/10.1074/jbc.M200245200
http://doi.org/10.1016/j.bbrc.2012.09.075
http://doi.org/10.1016/j.molcel.2011.06.034
http://doi.org/10.2174/1389203717666160311121433
http://doi.org/10.1073/pnas.1113170108
http://doi.org/10.1016/j.celrep.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/30067984
http://doi.org/10.1016/j.molcel.2005.10.019
http://www.ncbi.nlm.nih.gov/pubmed/16337593
http://doi.org/10.1038/s41467-018-03785-w
http://www.ncbi.nlm.nih.gov/pubmed/29636472
http://doi.org/10.1126/science.aad9421
http://doi.org/10.1371/journal.pgen.1005401
http://doi.org/10.1371/journal.pone.0062981
http://doi.org/10.1074/jbc.M114.614925
http://doi.org/10.1038/sj.embor.embor764
http://doi.org/10.1074/jbc.M212841200
http://doi.org/10.3390/biom11010110
http://doi.org/10.1096/fj.03-0610com
http://www.ncbi.nlm.nih.gov/pubmed/14718385
http://doi.org/10.1016/j.molcel.2010.10.009
http://www.ncbi.nlm.nih.gov/pubmed/21095585
http://doi.org/10.1080/10799890500240781
http://doi.org/10.1038/nbt.4279


Biomolecules 2021, 11, 779 21 of 22

55. Bingol, B.; Wang, C.-F.; Arnott, D.; Cheng, D.; Peng, J.; Sheng, M. Autophosphorylated CaMKIIα acts as a scaffold to recruit
proteasomes to dendritic spines. Cell 2010, 140, 567–578. [CrossRef] [PubMed]

56. Zhang, F.; Hu, Y.; Huang, P.; Toleman, C.A.; Paterson, A.J.; Kudlow, J.E. Proteasome function is regulated by cyclic AMP-
dependent protein kinase through phosphorylation of Rpt6. J. Biol. Chem. 2007, 282, 22460–22471. [CrossRef] [PubMed]

57. Bose, S.; Stratford, F.L.L.; Broadfoot, K.I.; Mason, G.G.F.; Rivett, A.J. Phosphorylation of 20S proteasome alpha subunit C8 (alpha7)
stabilizes the 26S proteasome and plays a role in the regulation of proteasome complexes by gamma-interferon. Biochem. J. 2004,
378, 177–184. [CrossRef] [PubMed]

58. Satoh, K.; Sasajima, H.; Nyoumura, K.-I.; Yokosawa, H.; Sawada, H. Assembly of the 26S proteasome is regulated by phosphory-
lation of the p45/Rpt6 ATPase subunit. Biochemistry 2000, 40, 314–319. [CrossRef]

59. Djakovic, S.N.; Marquez-Lona, E.M.; Jakawich, S.K.; Wright, R.; Chu, C.; Sutton, M.A.; Patrick, G.N. Phosphorylation of Rpt6
regulates synaptic strength in hippocampal neurons. J. Neurosci. 2012, 32, 5126–5131. [CrossRef]

60. Myeku, N.; Wang, H.; Figueiredo-Pereira, M.E. cAMP stimulates the ubiquitin/proteasome pathway in rat spinal cord neurons.
Neurosci. Lett. 2012, 527, 126–131. [CrossRef]

61. Lin, J.-T.; Chang, W.-C.; Chen, H.-M.; Lai, H.-L.; Chen, C.-Y.; Tao, M.-H.; Chern, Y. Regulation of feedback between protein kinase
a and the proteasome system worsens huntington’s disease. Mol. Cell. Biol. 2012, 33, 1073–1084. [CrossRef] [PubMed]

62. Sha, Z.; Zhao, J.; Goldberg, A.L. Measuring the overall rate of protein breakdown in cells and the contributions of the Ubiquitin-
proteasome and autophagy-lysosomal pathways. Breast Cancer 2018, 1844, 261–276. [CrossRef]

63. Rock, K.L.; Gramm, C.; Rothstein, L.; Clark, K.; Stein, R.; Dick, L.; Hwang, D.; Goldberg, A.L. Inhibitors of the proteasome block
the degradation of most cell proteins and the generation of peptides presented on MHC class I molecules. Cell 1994, 78, 761–771.
[CrossRef]

64. Zhao, J.; Zhai, B.; Gygi, S.P.; Goldberg, A.L. mTOR inhibition activates overall protein degradation by the ubiquitin proteasome
system as well as by autophagy. Proc. Natl. Acad. Sci. USA 2015, 112, 15790–15797. [CrossRef] [PubMed]

65. Finley, D. Recognition and processing of ubiquitin-protein conjugates by the proteasome. Annu. Rev. Biochem. 2009, 78, 477–513.
[CrossRef]

66. Pathare, G.R.; Nagy, I.; Bohn, S.; Unverdorben, P.; Hubert, A.; Körner, R.; Nickell, S.; Lasker, K.; Sali, A.; Tamura, T.; et al. The
proteasomal subunit Rpn6 is a molecular clamp holding the core and regulatory subcomplexes together. Proc. Natl. Acad. Sci.
USA 2012, 109, 149–154. [CrossRef]

67. Vilchez, D.; Morantte, I.; Liu, Z.; Douglas, P.M.; Merkwirth, C.; Rodrigues, A.P.C.; Manning, G.; Dillin, A. RPN-6 determines C.
elegans longevity under proteotoxic stress conditions. Nat. Cell Biol. 2012, 489, 263–268. [CrossRef]

68. Vilchez, D.; Boyer, L.; Morantte, I.; Lutz, M.; Merkwirth, C.; Joyce, D.; Spencer, B.; Page, L.; Masliah, E.; Berggren, W.T.; et al.
Increased proteasome activity in human embryonic stem cells is regulated by PSMD11. Nat. Cell Biol. 2012, 489, 304–308.
[CrossRef]

69. Thibaudeau, T.A.; Anderson, R.T.; Smith, D.M. A common mechanism of proteasome impairment by neurodegenerative
disease-associated oligomers. Nat. Commun. 2018, 9, 1–14. [CrossRef]

70. Deriziotis, P.; André, R.; Smith, D.M.; Goold, R.; Kinghorn, K.J.; Kristiansen, M.; A Nathan, J.; Rosenzweig, R.; Krutauz, D.;
Glickman, M.H.; et al. Misfolded PrP impairs the UPS by interaction with the 20S proteasome and inhibition of substrate entry.
Embo J. 2011, 30, 3065–3077. [CrossRef]

71. Jucker, M.; Walker, L.C. Self-propagation of pathogenic protein aggregates in neurodegenerative diseases. Nat. Cell Biol. 2013, 501,
45–51. [CrossRef] [PubMed]

72. Schaler, A.W.; Myeku, N. Cilostazol, a phosphodiesterase 3 inhibitor, activates proteasome-mediated proteolysis and attenuates
tauopathy and cognitive decline. Transl. Res. 2018, 193, 31–41. [CrossRef] [PubMed]

73. Bruno, O.; Fedele, E.; Prickaerts, J.; Parker, L.; Canepa, E.; Brullo, C.; Cavallero, A.; Gardella, E.; Balbi, A.; Domenicotti, C.; et al.
GEBR-7b, a novel PDE4D selective inhibitor that improves memory in rodents at non-emetic doses. Br. J. Pharmacol. 2011, 164,
2054–2063. [CrossRef] [PubMed]

74. Maurice, D.H.; Ke, H.; Ahmad, F.; Wang, Y.; Chung, J.; Manganiello, V.C. Advances in targeting cyclic nucleotide phosphodi-
esterases. Nat. Rev. Drug Discov. 2014, 13, 290–314. [CrossRef]

75. Hoffman, N.J.; Parker, B.L.; Chaudhuri, R.; Fisher-Wellman, K.H.; Kleinert, M.; Humphrey, S.J.; Yang, P.; Holliday, M.; Trefely,
S.; Fazakerley, D.J.; et al. Global phosphoproteomic analysis of human skeletal muscle reveals a network of exercise-regulated
kinases and AMPK substrates. Cell Metab. 2015, 22, 922–935. [CrossRef] [PubMed]

76. 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. J. Biol. Chem. 2009, 284, 26655–26665. [CrossRef]

77. Ranek, M.J.; Kost, C.K.; Hu, C.; Martin, D.S.; Wang, X. Muscarinic 2 receptors modulate cardiac proteasome function in a protein
kinase G-dependent manner. J. Mol. Cell. Cardiol. 2014, 69, 43–51. [CrossRef]

78. Ranek, M.J.; Terpstra, E.J.M.; Li, J.; Kass, D.A.; Wang, X. Protein kinase g positively regulates proteasome-mediated degradation
of misfolded proteins. Circultion 2013, 128, 365–376. [CrossRef]

79. Rousseau, A.; Bertolotti, A. An evolutionarily conserved pathway controls proteasome homeostasis. Nat. Cell Biol. 2016, 536,
184–189. [CrossRef]

80. Cohen-Kaplan, V.; Ciechanover, A.; Livneh, I. Stress-induced polyubiquitination of proteasomal ubiquitin receptors targets the
proteolytic complex for autophagic degradation. Autophagy 2017, 13, 759–760. [CrossRef]

http://doi.org/10.1016/j.cell.2010.01.024
http://www.ncbi.nlm.nih.gov/pubmed/20178748
http://doi.org/10.1074/jbc.M702439200
http://www.ncbi.nlm.nih.gov/pubmed/17565987
http://doi.org/10.1042/bj20031122
http://www.ncbi.nlm.nih.gov/pubmed/14583091
http://doi.org/10.1021/bi001815n
http://doi.org/10.1523/JNEUROSCI.4427-11.2012
http://doi.org/10.1016/j.neulet.2012.08.051
http://doi.org/10.1128/MCB.01434-12
http://www.ncbi.nlm.nih.gov/pubmed/23275441
http://doi.org/10.1007/978-1-4939-8706-1_17
http://doi.org/10.1016/S0092-8674(94)90462-6
http://doi.org/10.1073/pnas.1521919112
http://www.ncbi.nlm.nih.gov/pubmed/26669439
http://doi.org/10.1146/annurev.biochem.78.081507.101607
http://doi.org/10.1073/pnas.1117648108
http://doi.org/10.1038/nature11315
http://doi.org/10.1038/nature11468
http://doi.org/10.1038/s41467-018-03509-0
http://doi.org/10.1038/emboj.2011.224
http://doi.org/10.1038/nature12481
http://www.ncbi.nlm.nih.gov/pubmed/24005412
http://doi.org/10.1016/j.trsl.2017.11.004
http://www.ncbi.nlm.nih.gov/pubmed/29232559
http://doi.org/10.1111/j.1476-5381.2011.01524.x
http://www.ncbi.nlm.nih.gov/pubmed/21649644
http://doi.org/10.1038/nrd4228
http://doi.org/10.1016/j.cmet.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26437602
http://doi.org/10.1074/jbc.M109.021956
http://doi.org/10.1016/j.yjmcc.2014.01.017
http://doi.org/10.1161/CIRCULATIONAHA.113.001971
http://doi.org/10.1038/nature18943
http://doi.org/10.1080/15548627.2016.1278327


Biomolecules 2021, 11, 779 22 of 22

81. Cohen, S.; Nathan, J.A.; Goldberg, A.L. Muscle wasting in disease: Molecular mechanisms and promising therapies. Nat. Rev.
Drug Discov. 2015, 14, 58–74. [CrossRef]

82. Wunder, F.; Tersteegen, A.; Rebmann, A.; Erb, C.; Fahrig, T.; Hendrix, M. Characterization of the First Potent and Selective PDE9
inhibitor using a cGMP reporter cell line. Mol. Pharmacol. 2005, 68, 1775–1781. [CrossRef] [PubMed]

83. Zhang, H.; Pan, B.; Wu, P.; Parajuli, N.; Rekhter, M.D.; Goldberg, A.L.; Wang, X. PDE1 inhibition facilitates proteasomal
degradation of misfolded proteins and protects against cardiac proteinopathy. Sci. Adv. 2019, 5, eaaw5870. [CrossRef] [PubMed]

84. VerPlank, J.J.S.; Lokireddy, S.; Feltri, M.L.; Goldberg, A.L.; Wrabetz, L. Impairment of protein degradation and proteasome
function in hereditary neuropathies. Glia 2017, 66, 379–395. [CrossRef] [PubMed]

http://doi.org/10.1038/nrd4467
http://doi.org/10.1124/mol.105.017608
http://www.ncbi.nlm.nih.gov/pubmed/16150925
http://doi.org/10.1126/sciadv.aaw5870
http://www.ncbi.nlm.nih.gov/pubmed/31131329
http://doi.org/10.1002/glia.23251
http://www.ncbi.nlm.nih.gov/pubmed/29076578

	Overview of Proteasome Activity 
	Proteasome Activation by Ubiquitin Conjugates through Usp14 
	Allosteric Activation of Proteasomal Degradation by Usp14’s UBL Domain 
	Proteasome Activation by the UBL-Domain-Containing Proteins 
	ZFAND5, an Activator of the Proteasome and Protein Degradation in Muscle 
	Activation of Proteasomes and Protein Degradation by cAMP and PKA 
	cAMP Promoted Degradation of Disease-Causing Mutated Proteins 
	Hormones That Raise cAMP Stimulate Proteasomes and Protein Degradation 
	Activation of Proteasomes and Protein Degradation by cGMP and PKG 
	Implications of These Findings 
	References

