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Abstract: The regulation of diverse cellular events by
proteins that have undergone post-translational modifi-
cation with ubiquitin is well documented. Ubiquitin can
be polymerized and eight types of polyubiquitin chain
contribute to the complexity and specificity of the ubiqui-
tin signal. Unexpectedly, recent studies have shown that
ubiquitin itself undergoes post-translational modification
by acetylation and phosphorylation; moreover, amyloid-
like fibrils comprised of polyubiquitin chains have been
discovered. Thus, ubiquitin is not only conjugated to sub-
strate proteins, but also modified and transformed itself.
Here, we review these novel forms of ubiquitin signal,
with a focus on fibril formation of polyubiquitin chains
and its underlying biological relevance.

Keywords: amyloid-like fibril formation; post-transla-
tional modification; ubiquitin.

Introduction

Ubiquitin was first identified in 1975 (1) and its essential
role in ATP-dependent proteolysis was discovered in 1978
(2). Myriads of subsequent studies have documented how
ubiquitin-mediated protein degradation plays a valuable
role in many cellular events, such as gene transcription
and cell cycle progression; furthermore, the 2004 Nobel
Prize in Chemistry was awarded for work on the discov-
ery of ubiquitin-mediated protein degradation. Non-pro-
teolytic functions of ubiquitin — for example, in immune
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response and DNA repair — have also been revealed (3).
Ubiquitylation (the covalent modification of a protein
with ubiquitin) has become a common post-translational
modification of physiological significance equivalent to
that of phosphorylation, acetylation, and methylation.

Ubiquitin itself is a small protein of 76 amino acid
residues (8.6 kDa) that are highly conserved in all
eukary-otes (4): for example, there are only three con-
servative amino acid differences between human and
yeast ubiquitin (5). A recent study found that an uncul-
tivated thermophilic archaeon (Candidatus ‘Caldiar-
chaeum subterraneum’) also possesses a ubiquitin-like
protein modifier and its system (6). As its name suggests,
ubiquitin is present in all types of cell and organization
of their organisms (1). Intriguingly, its intracellular con-
centration is extremely high (approx. 85 um) (7) and the
amount of (un-)conjugated ubiquitin molecules is tightly
controlled in cells (8).

Eukaryotes utilize ubiquitin in a monomeric and/or
polymeric form as a reversible protein tag to regulate pro-
teolytic functions and non-proteolytic events. To provide
a signal as such, ubiquitin is covalently conjugated to
intracellular substrate proteins in successive enzymatic
reactions brought about by ubiquitin-activating (E1),
ubiquitin-conjugating (E2), and ubiquitin ligase (E3)
enzymes (9, 10). Ubiquitin is first activated by formation
of an El-ubiquitin thioester in an ATP-dependent manner
and then transferred to the catalytic cysteine residue of an
E2 enzyme. Lastly, an E3 enzyme catalyzes the formation
of an isopeptide bond between the lysine residue on the
target protein and the C-terminal glycine residue of ubig-
uitin. In some cases, a covalent bond is formed between
the N-terminus of the substrate protein and the C-terminus
of ubiquitin (N-terminal ubiquitylation) (11). Downstream
proteins containing a ubiquitin-binding domain (UBD)
interact with conjugated ubiquitin molecules in cells,
and these interactions function to control various cellular
events (12). In contrast, deubiquitinating enzymes (DUBs)
can remove the ubiquitin tag from a substrate protein (13),
and this reaction is counterbalanced by the action of the
E1-E2-E3 machinery (8).
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Importantly, anchored ubiquitin tags have various
linkage types and lengths. Ubiquitin is attached to
target proteins not only as a single moiety (monoubiq-
uitylation), but also as several independent ubiquitin
molecules (multi-monoubiquitylation) or a polymeric
ubiquitin chain. In the latter chain formation, the C-ter-
minus of a given ubiquitin molecule is covalently conju-
gated to either the N-terminal residue (M1) or one of seven
lysine residues (K6, K11, K27, K29, K33, K48, and K63) of
another ubiquitin molecule (3). Interestingly, the topol-
ogy of ubiquitin chains depends on its chain linkage; in
other words, different linking of ubiquitin chains results
in distinct conformations. The ubiquitin monomer pos-
sesses two solvent-exposed hydrophobic patches (cen-
tered on I36 and 148) (14), and ubiquitin-binding proteins
distinguish between different types of ubiquitin chain
by interacting with topological features of the hydropho-
bic patches (12, 15-17). All eight linkage types have been
structurally characterized by using X-ray crystallography,
small angle X-ray scattering (SAXS), and nuclear mag-
netic resonance (NMR) spectroscopy. M1-, K27-, K29-, and
K63-linked diubiquitin form extended structures (18-21),
whereas K6-, K11-, K33- and K48-linked diubiquitin form
compact structures owing to the interactions between
the two hydrophobic patches (22-27). In addition, a
recent study suggested that each type of ubiquitin chain
possesses the linkage-dependent dynamics as well as a
linkage-specific conformation (28-30). In solution, each
ubiquitin chain does not adopt a single conformation,
but is in equilibrium among its own different conforma-
tions: extended or compact structures. The distribution of
conformations is different depending on the linkage type
of ubiquitin chains. Intriguingly, ubiquitin-binding pro-
teins may recognize a pre-existing conformation of each
ubiquitin chain (28).

This diversity means that ubiquitylation contributes
to the regulation of many cellular events. For example,
monoubiquitylation regulates endocytosis and DNA
repair (31, 32), and K48-linked poly-ubiquitylation pre-
dominantly mediates ATP-dependent proteasomal deg-
radation (33). In contrast, K63-linked poly-ubiquitylation
regulates non-proteolytic protein function, subcellular
localization, and protein-protein interactions (3, 12),
although some reports indicate that it might also be
related to the proteolytic system or lysosomal degrada-
tion (34). K11-linked polyubiquitylation has been involved
in cell cycle regulation (24). Mi-linked poly-ubiquityla-
tion plays an essential role in NF-kB activation related to
inflammatory, anti-apoptosis, and immune pathways (35,
36). The roles of the other four types of ubiquitin chain
(K6, K27, K29, and K33) have been less apparent, but data
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on their specific functions are just starting to emerge (37).
Overall, it is clear that ubiquitylation acts as a code to
store and transmit information by means of the specific
recognition of polyubiquitin chains and/or substrate pro-
teins by downstream proteins (17).

Both homo-typic (possessing a single type of linkage)
and hetero-typic (possessing a mixed linkage or branched)
ubiquitin chains have been identified recently (38-42).
In addition, ubiquitylation mixed with sumoylation (the
covalent modification of a protein with small ubiquitin-
like modifier, SUMO) has also been observed (43). Most
recently, post-translational modifications (acetylation
and phosphorylation) of ubiquitin itself have been discov-
ered (44-47). Furthermore, our previous study revealed
the length-dependent fibril formation of poly-ubiquitin
chains (48). Namely, ubiquitin is not only conjugated to
substrate proteins, but also modified and transformed
into fibrils. On the one hand, the quantitative mass spec-
troscopic studies have revealed that approximately 80%
of ubiquitin chains comprise K48 and K63 linkages (7, 49).
On the other hand, the intracellular proportion of these
novel and minor types of ubiquitylation is limited. Nev-
ertheless, they seem to be indispensable for specific bio-
logical events; for example, the percentage of Ml-linked
ubiquitylation in total linkages is 0.01-0.02% (44, 49),
but the M1-linked ubiquitylation is an important regulator
of NF-kB signaling (35, 36). Here, we review the recently
discovered post-translational modifications and the trans-
formation of ubiquitin to polyubiquitin fibrils (Figure 1).
In particular, we focus on fibril formation of polyubiqui-
tin chains and discuss its possible roles in intracellular
protein aggregation.

Post-translational modifications
of ubiquitin

Ubiquitin is not only modified by ubiquitin itself. Accord-
ing to the PhosphoSite Plus database (50), ubiquitin
has been reported to be acetylated at K6, K11, K27, K29,
K33, K48, and K63; phosphorylated at T7, T12, T14, S20,
S57, Y59, S65, and T66; and sumoylated at K11 and K63.
However, the physiological relevance and biological
functions of these modifications have mostly remained
unclear. Recently, acetylated ubiquitin at K6 or K48
(AcK6 or AcK48) and phosphorylated ubiquitin at S65
have been functionally identified. Other recent review
articles provide a detailed discussion of such post-trans-
lational modifications (51, 52); therefore, they are briefly
described here.
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Reported post-translational modifications of ubiquitin
Acetylation: K6, K11, K27, K29, K33, K48, K63
Phosphorylation: T7, T12, T14, S20, S57, Y59, S65, T66
Ubiquitylation: M1, K6, K11, K27, K29, K33, K48, K63
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Figure 1: Conventional and novel types of ubiquitylation.

Ubiquitin molecules are covalently conjugated to substrate proteins in monomeric or polymeric forms. Conjugated (poly-)ubiquitin mol-
ecules can be cleaved and recycled by DUBs. The intracellular reservoir of ubiquitin consists of monomeric ubiquitin and unanchored short
chains for maintaining adequate levels of ubiquitin molecules. Not only eight types of homo-typic ubiquitin chains, but also branched

or mixed ubiquitin chains have been identified. In this manuscript, the two types of novel ubiquitin signal have been reviewed: right,
post-translational modification of ubiquitin; left, fibril formation of polyubiquitin chains. The post-translational modifications reported in
the PhosphoSite Plus database are shown in the upper right box. Acetylation of ubiquitin at K6 inhibits ubiquitin chain elongation, which
contributes to stabilization of histone H2B in cells. Phosphorylation of ubiquitin at S65 impairs both elongation and hydrolysis of ubig-
uitin chains. In addition, phosphorylated (poly-)ubiquitin at S65 activates parkin and this contributes to the efficient mitophagy. On the
other hand, polyubiquitin chains are thermodynamically destabilized in a chain-length-dependent manner and can form fibril by heat or
mechanical forces. Their fibrillar aggregates are selectively degraded by autophagy, but impairment of autophagy results in accumulation of
ubiquitin-positive inclusions. Question marks represent that no factor has been identified in the indicated pathway.

Acetylation of ubiquitin

In 2015, the functions of AcK6 or AcK48 were reported
(44). Lysine acetylation is a reversible post-transla-
tional modification and regulates protein functions
by neutralizing the positive charge of lysine residues
(53). K6 and K48 are located close to the hydrophobic
patch centered on 144, which forms the interface with
ubiquitin-binding proteins. This suggests that AcK6
and AcK48 might alter the charge of the hydrophobic
path and that these modifications might affect recog-
nition of ubiquitin. In fact, acetylation represses the

elongation of ubiquitin chains (K11-, K48-, and K63-
linked), but it does not significantly affect the ability
of acetylated ubiquitin molecules to conjugate to the
substrate protein (monoubiquitylation). In other words,
acetylation of ubiquitin does not inhibit activation of
ubiquitin by E1 enzymes nor its subsequent transfer to
E2 enzymes. In contrast, the acetylation inhibits poly-
ubiquitin chain elongation mediated by the E2 enzymes
(CDC34, UBE2K, UBE2S, UBC13-UEVia, RAD6, and
UBCH5). The two acetylation sites (K6 and K48) are close
to the interaction surface of the acceptor ubiquitin with
the E2 enzyme (UEV1a) (54). In addition, the interaction
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surfaces of the acceptor ubiquitin with the E2 enzymes
(CDC34, UBE2K, UBE2S, and UBCH5) are also located
near the K6 residue (55-58). Because formation of iso-
peptide link between a donor ubiquitin and an accep-
tor ubiquitin is mediated by the interaction of the E2
enzyme with the acceptor ubiquitin (54), the decreased
affinity of the E2 enzymes for ubiquitin by the acetyla-
tion inhibits elongation of ubiquitin chains (44).

The repression of chain elongation in cells would
result in the inhibition of signal transduction specific to
polyubiquitin chains. So far, the only reported example
is monoubiquitylation of histone H2B, which is found to
be stabilized by acetylated ubiquitin in cells. Although it
remains unclear whether this stabilization is caused by
the repression of proteolysis-related polyubiquitylation or
by other mechanisms, acetylated ubiquitin seems to have
a role in stabilizing monoubiquitylation of the endog-
enous substrate protein in cells.

Mass spectrometry has indicated that the proportion
of AcK6 and AcK48 molecules in total ubiquitin is very low
at approximately 0.03% and 0.01%, respectively (44). The
mass spectrometry has also showed that Ml-linked ubig-
uitin chains constitute 0.02% of total ubiquitin (44). As
discussed above, M1-linked ubiquitylation is an important
regulator of NF-xB signaling in spite of its low abundance
in cells (35, 36). Therefore, acetylation of ubiquitin might
be directed at specific targets in cells although its intra-
cellular proportion seems to be limited. Further studies
need to focus on identifying both endogenous substrates
of acetyl-ubiquitylation (i.e. the conjugation of acetylated
ubiquitin) and the related biological significance of these
modifications.

Phosphorylation of ubiquitin

As indicated above, ubiquitin has been reported to be
phosphorylated at eight residues (T7, T12, T14, S20, S57,
Y59, S65, or T66), but three different research groups have
simultaneously found that phosphorylation at S65 plays
an essential role in the selective degradation of damaged
mitochondria by autophagy (mitophagy) (45-47). During
PINK1- and parkin-mediated clearance of damaged mito-
chondria, it is important to accelerate the E3 ubiqui-
tin ligase activity of parkin because at steady state this
enzyme forms an auto-inhibited conformation (59-61).
Dysfunction-related mutations in PINK1 or parkin cause
an intracellular accumulation of damaged mitochondria,
followed by an abnormal generation of reactive oxygen
species (ROS), which can trigger autosomal recessive Par-
kinson’s diseases.
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So far, it has been shown that both phosphorylation
of the N-terminal ubiquitin-like (Ubl) domain of parkin by
PINK1 (62, 63) and allosteric association of phosphoryl-
ated ubiquitin with parkin (45-47) are required for enzy-
matic activation. The structure of the Ubl domain is similar
to that of ubiquitin (64), and both the Ubl domain and
ubiquitin are phosphorylated at S65 by PINK1; however,
the structural roles of these two phosphorylation events
are different, although both of them can induce confor-
mational rearrangements of parkin. On the one hand,
phosphorylation of the Ubl domain has been proposed
to induce release of the domain from the core structure
including the enzymatic center. Because the Ubl domain
interacts with the E2-binding site in the RING1 domain in
an auto-inhibited state (59-61), its release may enhance
the enzymatic activity (65). On the other hand, phospho-
rylated ubiquitin interacts with another surface in the
RING1 domain, which induces conformational changes of
a helix near the RING1 domain, suggesting that binding
of phosphorylated ubiquitin would induce release of the
Ubl domain and subsequent phosphorylation of the Ubl
domain (65). Thus, although there is little structural dif-
ference between the Ubl domain and ubiquitin, phospho-
rylation of Ubl causes inhibition of the domain-domain
interaction, while phosphorylation of ubiquitin generates
a novel protein-protein interaction.

The proportion of phosphorylated ubiquitin is 0.05%
of total ubiquitin in intact cells, but it rises to approxi-
mately 3% when mitochondria are depolarized (47).
These cellular amounts would seem to be insufficient for
activation of parkin; however, the local concentration
is relatively high on mitochondria: ~20% of ubiquitin
on depolarized mitochondria is phosphorylated (66). In
addition, overexpression of phosphorylation-deficient
ubiquitin (S65A mutants) results in delayed activation of
parkin (46, 47), suggesting that phosphorylation of ubig-
uitin and the association of phosphorylated ubiquitin
with parkin are necessary for the clearance of damaged
mitochondria. Not only monoubiquitin but also K48- and
K63-linked polyubiquitin chains are reported to be phos-
phorylated, which also enhances the enzymatic activities
of parkin (67).

Phosphorylation of ubiquitin at S65 has been shown
to have a novel biological role in the clearance of damaged
mitochondria and has also been shown to alter physico-
chemical and biochemical properties of ubiquitin itself
(68). Although there is no clear conformational difference
between unphosphorylated and phosphorylated ubiqui-
tin, phosphorylation results in significant changes in the
electrostatic surface potential of the molecule and gen-
erates a new minor conformation containing a different
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hydrophobic patch (68). This phosphorylation has no
influence on the El-mediated formation of an E2-ubiquitin
complex, but it inhibits both discharge of the E2 enzyme
to form ubiquitin chains and hydrolysis of the chains by
DUBs, thereby affecting chain synthesis and cleavage.
Although the physiological relevance of the changes
induced by phosphorylation has not been fully elucidated,
phosphorylation of ubiquitin affects ubiquitin-specific
interactions with ubiquitin-binding proteins and some of
the related enzymatic reactions are impaired; in particu-
lar, inhibition of the hydrolytic cleavage of the phospho-
rylated ubiquitin chains by DUBs might contribute to the
stabilization of specific signals on mitochondria.

Polyubiquitin chains: new
physicochemical properties and
unexpected transformations

In addition to the post-translational modifications of ubiq-
uitin as described above, novel physicochemical proper-
ties, as well as the ‘transformation’, of ubiquitin chains,
have been recently identified and described (48).

Length-dependent physicochemical
properties of ubiquitin chains

On the one hand, ubiquitin is well known to possess
exceptional physical and chemical stability. On the other
hand, little is known about the physicochemical proper-
ties of polyubiquitin chains. As discussed above, ubiq-
uitin moieties are oriented in different ways depending
on the linkage point of the polyubiquitin chain. Previous
structural studies have shown that the tertiary structure
of ubiquitin moieties in polyubiquitin chains almost
matches that of monoubiquitin. Although structural
studies have suggested that a chain length of two to four
ubiquitin units may be sufficient for specific recognition
by ubiquitin-binding proteins (3), polyubiquitin chains of
more than four units in length are commonly observed in
cells. An early study indicated that longer chains might
be bound more tightly by ubiquitin-binding proteins, and
polyubiquitin signals with more than four units seem
to provide an efficient protein degradation signal (69).
Nevertheless, there is little structural evidence to show
how polyubiquitin chains longer than tetra-ubiquitin
are recognized. In addition, excessively long polyubiqui-
tin chains would seem to be paradoxical, given that the
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biosynthesis of such long chains demands a great deal of
cellular energy in form of ATP.

Notably, despite the exceptional structural rigidity
and high solubility in vitro, ubiquitin chains have been
identified as a major component of protein inclusion
bodies in various intractable diseases, including cancer
and neurodegenerative disorders such as Alzheimer’s
disease, Parkinson’s disease, and amyotrophic lateral
sclerosis (70-76). In some cases, ubiquitylated aggregate-
prone proteins might contribute to formation of ubiqui-
tin-positive aggregates, i.e. the aggregate-prone proteins
form aggregates and attached ubiquitin chains may be just
entrapped by the aggregates. For example, o-synuclein
is one of the aggregate-prone proteins and its intracel-
lular aggregates contain ubiquitylated o-synuclein (77).
Alternatively, dysfunction of the proteolysis system is
suggested to cause accumulation of ubiquitin-positive
inclusions. Indeed, protein aggregates including ubiqui-
tin chains are thought to be the result of failure to elimi-
nate ubiquitylated substrates by the 26S proteasome or
autophagy. In neurodegenerative diseases, some stress
factors such as ROS and neurotoxic compounds may lead
to dysfunction of the proteolysis system (78). However,
the detailed formation mechanism and function of the
ubiquitin-positive inclusion bodies remain unclear. This
implies that polyubiquitin chains have as yet unidenti-
fied features.

Differential scanning calorimetry analysis has
revealed the novel thermodynamic properties of poly-
ubiquitin chains that are significantly different from that
of monoubiquitin. The denaturation point of ubiqui-
tin monomer is close to the boiling point of water and it
refolds easily after heat denaturation (79). However, these
properties are found to be weakened simply by its cova-
lent linkage to another ubiquitin or another protein mol-
ecule (48). A longer ubiquitin chain is further destabilized
regardless of the linkage type, and no ubiquitin polymers
show thermal reversibility. Although polyubiquitin chains
are a type of repeat protein, other repeat proteins have
been reported to show increasing thermodynamic stability
with increasing numbers of units (80, 81). In these cases,
the interactions between monomeric units contribute to
the thermodynamic stabilization. Such hydrophobic inter-
actions between units are also observed in K48-linked
ubiquitin chains (26, 82); nevertheless, these chains are
destabilized in a chain-length-dependent manner. This
length-dependent destabilization seems to be specific to
ubiquitin chains, suggesting that the covalent conjugation
of ubiquitin may destabilize the ubiquitin molecule that
is attached. Indeed, recent computational studies have
discussed the possibility that ubiquitylation may induce
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thermodynamic destabilization of the attached protein
(83, 84).

Fibril formation of polyubiquitin chains

The length-dependent thermal destabilization of poly-
ubiquitin chains has been shown to result in amyloid-like
fibril formations (48). Whereas no aggregate of monoubig-
uitin is observed after heat denaturation, polyubiquitin
chains form fibrillar insoluble aggregates after heat dena-
turation. Regardless of the chain length or the linkage
type, all ubiquitin chains form fibrils after heat denatura-
tion. The fibrils show morphology very similar to that of
amyloid-like fibrils reported previously (85); in addition,
the fibrils form B-rich secondary structure and are stained
by thioflavin T. Previously, it has been reported that the
thermodynamic destabilization of a protein is corre-
lated with its propensity to aggregate in the case of other
fibrillogenic proteins such as a-synuclein and tau (86, 87).
This suggests that the length-dependent thermodynamic
destabilization of polyubiquitin chains might induce fibril
formation.

In addition, it is well known that hydrodynamic forces
(agitation or shear forces) induce the formation of amyloid
fibrils in fibrillogenic proteins such as AP, insulin,
lysozyme, and B-lactoglobulin (88). Indeed, polyubiquitin
chains also form fibrils upon moderate agitation or shear
forces in a Couette cell, regardless of the chain length or
linkage type (48). As expected, the responses of polyubiq-
uitin chains to such mechanical forces correlate with their
thermodynamic stability: i.e. a longer chain forms fibrillar
aggregates faster or with smaller forces. Elongated mole-
cules may be more easily affected by external mechanical
stress because they undergo larger anisotropic Brownian
motions.

In the agitation experiments, Ml-linked ubiquitin
chains were found to form aggregates more easily than
K48-linked ones (48). In contrast, previous atomic force
microscopy (AFM) studies have shown that the force
required to unfold K48-linked ubiquitin chains is smaller
than that required to unfold Mi-linked ones (89, 90). On
the one hand, the mechanical forces in those AFM experi-
ments were used to stretch a single ubiquitin chain mol-
ecule. On the other hand, not only energy for partial
deformation of the molecules, but also their inter-molec-
ular interactions are required for the formation of fibrillar
aggregates. It is possible, therefore, that the inter-molec-
ular interactions occur more frequently or easily when
Mi-linked ubiquitin chains are agitated as compared with
K48-linked ones. Further studies should focus on the
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mechanism by which mechanical forces induce the forma-
tion of ubiquitin chains.

Formation of intracellular aggregates
of ubiquitin

Polyubiquitin chains of all linkage type are found
within the ubiquitin-positive inclusion bodies in livers
with impaired proteasome activity (48) or those that are
autophagy-deficient (48, 91). These inclusion bodies are
also frequently observed in neurodegenerative diseases
(70-76), suggesting that the length-dependent properties
of ubiquitin chains may be related to aggregate formation.
Indeed, the length-dependent propensity of polyubiqui-
tin chains to aggregate in vitro has also been observed in
living cells (48). Monoubiquitin expressed in cells does
not form aggregates; however, recombinantly expressed
M1-linked hexa-ubiquitin forms aggregates in the cytosol.
In cells, there are likely to be several intracellular forces
due to cytoplasmic streaming or macromolecular crowd-
ing. Polyubiquitin chains are subject to such intracellu-
lar forces and, as a result, may form aggregates in cells.
Notably, simple overexpression of polyubiquitin chains
seems to be sufficient for intracellular aggregate forma-
tion. In contrast, the cellular ubiquitin pool includes
unanchored polyubiquitin chains (~3-mer) that can gen-
erate free ubiquitin molecules (8, 92) and intracellular
forces may constitutively affect their endogenous chains.
However, the intracellular concentration of such unan-
chored chains may not be enough for aggregation, and
they dynamically undergo both cleavage by DUBs and
re-synthesis (8), suggesting that substantial formation of
aggregates of polyubiquitin chains may hardly occur in
healthy cells. Instead, an increase in the concentration of
polyubiquitin chains owing to proteasome dysfunction or
dysregulated deubiquitylation may lead to their aggregate
formation.

If intracellular aggregates of polyubiquitin chains
continue to accumulate in cells, the cells will die due to
endoplasmic reticulum stress and/or abnormal inhibition
of inherent cellular functions (93). In particular, the accu-
mulation of polyubiquitin aggregates in neurons leads to
neurodegeneration (94). Indeed, on the one hand, ubiq-
uitin-positive aggregates are known to be hallmarks of
neurodegenerative diseases, as described above (70-76).
On the other hand, the ubiquitin-positive aggregates are
thought to be selectively eliminated by autophagy (aggre-
phagy) (94, 95). Ubiquitin-adaptor proteins such as p62
and NBR1 recognize ubiquitin on the aggregates and the
core Atg proteins form an autophagosome, which then
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fuses with a lysosome, leading to the degradation of its
constituents (95). The process of aggrephagy is indispen-
sable for eliminating of polyubiquitin aggregates and its
impairment causes the accumulation of ubiquitin-positive
aggregates (48, 94). In contrast, it seems to be difficult to
degrade the aggregates via the proteasome due to their
size and volume; moreover, they impair the ubiquitin-
proteasome system (96). Recently, it has also been found
that dysfunction of the proteasome leads to the activation
of autophagy (97, 98).

Polyubiquitin aggregates not only are autophagic
cargo, but also have been proposed to serve as an initia-
tion signal for aggrephagy (48). Solution NMR studies have
indicated that the ubiquitin-adaptor proteins p62 and
NBR1 recognize the fibrillar form of polyubiquitin chains.
Although the structures of the fibrils may be partially or
entirely different from those of native ubiquitin chains,
ubiquitin-adaptor proteins have the ability to bind to the
fibrillar aggregates in vitro and they are co-localized with
them in cells (48). Furthermore, over-expression of poly-
ubiquitin chains results in S351-phosphorylation of p62
and co-localization of endogenous LC3 (48), indicating
that polyubiquitin aggregates activate aggrephagy (95, 99).

Thus, the intracellular aggregate formation of poly-
ubiquitin chains has two different aspects: first, the
abnormal accumulation of aggregates displays cytotoxic-
ity, leading to neurodegeneration; second, the aggregates
function as signals to eliminate protein aggregates effi-
ciently. Previously, it was reported that ubiquitylation is
involved in the sequestration of misfolded proteins (100,
101). The insolubilization caused by aggregate formation
would prevent any undesired activities of the substrate
proteins in cells (102, 103). Therefore, the protein aggre-
gates sequestered by ubiquitylation need to be rapidly
degraded by autophagy before they form large inclusions.
Notably, the dysfunction or inactivation of autophagy has
been observed in senescent cells (104, 105), which may
result in the cytotoxic accumulation of ubiquitin-positive
aggregates.

Expert opinion

Approximately 30 000 kinds of proteins have been iden-
tified in the human proteome (106) and they maintain
cellular homeostasis with other components such as
peptides, nucleotides, and lipids. Because ubiquitylation
controls the activity, lifetime, and localization of the pro-
teins, it plays an important role in the homeostasis. The
diverse ways in which polyubiquitin chains can be linked,
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coupled with a sufficient number of specific E3 ligases,
seem to have the ability to regulate many types of cellular
events. Recently, however, it has been found that not only
is ubiquitin used for conjugation and/or polymerization,
but it is also acetylated and phosphorylated; furthermore,
it can form fibrils (Figure 1). Increasing evidence indicates
that ubiquitin shows a wider variety of signaling and that
eukaryotes use ubiquitin in more different ways than pre-
viously thought.

On the one hand, acetylation and phosphorylation
alter the inherent function of the ubiquitin signal: acety-
lation of ubiquitin represses elongation of the ubiquitin
chain, while phosphorylation inhibits the formation of
ubiquitin chains as well as the hydrolysis of chains by
DUBs. Phosphorylation also provides a novel biological
function as an allosteric effector. On the other hand, the
fibril formation of polyubiquitin chains seems to be an
inherent property of ubiquitin chains themselves. Wild-
type polyubiquitin chains show chain-length-dependent
destabilization and have the ability to form fibrils. This
feature contrasts with other amyloid-prone proteins, many
of which are truncated and/or carry mutations (86, 107),
and might account for the pathological ubiquitin-positive
aggregates observed in human sporadic proteinopathies
without genetic mutations.

Collectively, these recent new findings indicate that
ubiquitin acquires its multifunctional features by diverse
types of polymerization, post-translational modifica-
tion, and transformation. Nevertheless, several questions
about the ubiquitin signal remain. Is the acetylation or
phosphorylation of ubiquitin a reversible reaction in
cells? If so, how is their quite low abundance in cells main-
tained? Do other post-translational modifications of ubig-
uitin have biological significance? What is the structure of
polyubiquitin fibrils? What are the biological functions of
ubiquitin chains with minor linkage-types (K6, K27, K29,
and K33)? How is ubiquitin itself degraded? What is the
intracellular localization of each ubiquitin signal? Future
studies should aim to answer these questions and reveal
the underlying mechanisms.
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Atg

C-terminal (C-terminus)

autophagy-related
carboxyl-terminal (carboxyl-terminus)

DUBs deubiquitinating enzymes

E1 ubiquitin-activating enzymes

E2 ubiquitin-conjugating enzymes

E3 ubiquitin ligase enzymes

Mitophagy selective degradation of damaged mito-
chondria by autophagy

NBR1 next to BRCA1 gene 1 protein

NF-xB nuclear factor k-light-chain-enhancer of
activated B cells

PINK1 PTEN-induced putative kinase 1 RING

PRM parallel reaction monitoring

p62 sequestosome 1

RING really interesting new gene

ROS reactive oxygen species

SUMO small ubiquitin-like modifier

Sumoylation post-translational modification by SUMO

UBD ubiquitin-binding domain

Ubiquitylation post-translational  modification by
ubiquitin

Ubl ubiquitin-like

References

1. Goldstein G, Scheid M, Hammerling U, Schlesinger DH, Niall HD,

10.

Boyse EA. Isolation of a polypeptide that has lymphocyte-differ-
entiating properties and is probably represented universally in
living cells. Proc Natl Acad Sci USA 1975; 72: 11-5.

. Ciechanover A, Hod Y, Hershko A. Heat-stable polypeptide com-

ponent of an ATP-dependent proteolytic system from reticulo-
cytes. Biochem Biophys Res Commun 1978; 81: 1100-5.

. Komander D, Rape M. The ubiquitin code. Annu Rev Biochem

2012; 81: 203-29.

. Vijay-Kumar S, Bugg CE, Wilkinson KD, Vierstra RD, Hatfield

PM, Cook WJ. Comparison of the three-dimensional structures
of human, yeast, and oat ubiquitin. ) Biol Chem 1987; 262:
6396-9.

. Wilkinson KD, Cox M), O’Connor LB, Shapira R. Structure and

activities of a variant ubiquitin sequence from bakers’ yeast.
Biochemistry 1986; 25: 4999-5004.

. Nunoura T, Takaki Y, Kakuta J, Nishi S, Sugahara J, Kazama

H, Chee G-), Hattori M, Kanai A, Atomi H, Takai K, Takami H.
Insights into the evolution of Archaea and eukaryotic protein
modifier systems revealed by the genome of a novel archaeal
group. Nucleic Acids Res 2011; 39: 3204-23.

. Kaiser SE, Riley BE, Shaler TA, Trevino RS, Becker CH, Schulman

H, Kopito RR. Protein standard absolute quantification (PSAQ)
method for the measurement of cellular ubiquitin pools. Nat
Methods 2011; 8: 691-6.

. Kimura, Yashiroda H, Kudo T, Koitabashi S, Murata S, Kakizuka

A, Tanaka K. An inhibitor of a deubiquitinating enzyme regulates
ubiquitin homeostasis. Cell 2009; 137: 549-59.

. Schulman BA, Harper JW. Ubiquitin-like protein activation by E1

enzymes: the apex for downstream signalling pathways. Nat Rev
Mol Cell Biol 2009; 10: 319-31.

Deshaies RJ, Joazeiro CA. RING domain E3 ubiquitin ligases.
Annu Rev Biochem 2009; 78: 399-434.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24,

25.

26.

27.

28.

29.

DE GRUYTER

Ciechanover A, Ben-Saadon R. N-terminal ubiquitination: more
protein substrates join in. Trends Cell Biol 2004; 14: 103-6.
Dikic I, Wakatsuki S, Walters KJ. Ubiquitin-binding domains —
from structures to functions. Nat Rev Mol Cell Biol 2009; 10:
659-71.

Komander D, Clague M), Urbé S. Breaking the chains: structure
and function of the deubiquitinases. Nat Rev Mol Cell Biol 2009;
10: 550-63.

Vijay-Kumar S, Bugg CE, Cook WJ. Structure of ubiquitin refined
at 1.8 A resolution. ) Mol Biol 1987; 194: 531-44.

Pickart CM, Fushman D. Polyubiquitin chains: polymeric protein
signals. Curr Opin Chem Biol 2004; 8: 610-6.

Winget JM, Mayor T. The diversity of ubiquitin recognition: hot
spots and varied specificity. Mol Cell 2010; 38: 627-35.

Kulathu Y, Komander D. Atypical ubiquitylation — the unexplored
world of polyubiquitin beyond Lys48 and Lys63 linkages. Nat
Rev Mol Cell Biol 2012; 13: 508-23.

Komander D, Reyes-Turcu F, Licchesi JD, Odenwaelder P, Wilkin-
son KD, Barford D. Molecular discrimination of structurally
equivalent Lys 63-linked and linear polyubiquitin chains. EMBO
Rep 2009; 10: 466-73.

Castafieda CA, Dixon EK, Walker O, Chaturvedi A, Nakasone MA,
Curtis JE, Reed MR, Krueger S, Ashton Cropp T, Fushman D. Link-
age via K27 bestows ubiquitin chains with unique properties
among polyubiquitins. Structure 2016; 24: 423-36.
Kristariyanto YA, Abdul Rehman SA, Campbell DG, Morrice NA,
Johnson C, Toth R, Kulathu Y. K29-selective ubiquitin binding
domain reveals structural basis of specificity and heterotypic
nature of k29 polyubiquitin. Mol Cell 2015; 58: 83-94.

Varadan R, Assfalg M, Haririnia A, Raasi S, Pickart C, Fushman
D. Solution conformation of Lys®*-linked di-ubiquitin chain
provides clues to functional diversity of polyubiquitin signaling.
J Biol Chem 2004; 279: 7055-63.

. Virdee S, Ye Y, Nguyen DP, Komander D, Chin JW. Engineered

diubiquitin synthesis reveals Lys29-isopeptide specificity of an
OTU deubiquitinase. Nat Chem Biol 2010; 6: 750-7.

Bremm A, Freund SM, Komander D. Lys11-linked ubiquitin chains
adopt compact conformations and are preferentially hydrolyzed
by the deubiquitinase Cezanne. Nat Struct Mol Biol 2010; 17:
939-47.

Matsumoto ML, Wickliffe KE, Dong KC, Yu C, Bosanac |, Bustos D,
Phu L, Kirkpatrick DS, Hymowitz SG, Rape M, Kelley RF, Dixit VM.
K11-linked polyubiquitination in cell cycle control revealed by a
K11 linkage-specific antibody. Mol Cell 2010; 39: 477-84.
Kristariyanto YA, Choi SY, Rehman SA, Ritorto MS, Campbell DG,
Morrice NA, Toth R, Kulathu Y. Assembly and structure of Lys*-
linked polyubiquitin reveals distinct conformations. Biochem |
2015; 467: 345-52.

Cook W], Jeffrey LC, Carson M, Chen Z, Pickart CM. Structure of a
diubiquitin conjugate and a model for interaction with ubiquitin
conjugating enzyme (E2). ) Biol Chem 1992; 267: 16467-71.
Varadan R, Walker O, Pickart C, Fushman D. Structural properties
of polyubiquitin chains in solution. ) Mol Biol 2002; 324: 637-47.
Ye Y, Blaser G, Horrocks MH, Ruedas-Rama M|, Ibrahim S,
Zhukov AA, Orte A, Klenerman D, Jackson SE, Komander D.
Ubiquitin chain conformation regulates recognition and activity
of interacting proteins. Nature 2012; 492: 266-70.

Castafeda CA, Kashyap TR, Nakasone MA, Krueger S, Fushman D.
Unique structural, dynamical, and functional properties of k11-
linked polyubiquitin chains. Structure 2013; 21: 1168-81.



DE GRUYTER

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Castafieda CA, Chaturvedi A, Camara CM, Curtis JE, Krueger S,
Fushman D. Linkage-specific conformational ensembles of non-
canonical polyubiquitin chains. Phys Chem Chem Phys 2016; 18:
5771-88.

Hoeller D, Crosetto N, Blagoev B, Raiborg C, Tikkanen R, Wagner
S, Kowanetz K, Breitling R, Mann M, Stenmark H, Dikic I. Regula-
tion of ubiquitin-binding proteins by monoubiquitination. Nat
Cell Biol 2006; 8: 163-9.

Bienko M, Green CM, Crosetto N, Rudolf F, Zapart G, Coull B,
Kannouche P, Wider G, Peter M, Lehmann AR, Hofmann K, Dikic
I. Ubiquitin-binding domains in Y-family polymerases regulate
translesion synthesis. Science 2005; 310: 1821-4.

ChauV, Tobias JW, Bachmair A, Marriott D, Ecker D), Gonda DK,
Varshavsky A. A multiubiquitin chain is confined to specific
lysine in a targeted short-lived protein. Science 1989; 243:
1576-83.

Mukhopadhyay D, Riezman H. Proteasome-independent func-
tions of ubiquitin in endocytosis and signaling. Science 2007;
315: 201-5.

Tokunaga F, Sakata S, Saeki Y, Satomi Y, Kirisako T, Kamei K,
Nakagawa T, Kato M, Murata S, Yamaoka S, Yamamoto M, Akira S,
Takao T, Tanaka K, Iwai K. Involvement of linear polyubiquityla-
tion of NEMO in NF-xB activation. Nat Cell Biol 2009; 11: 123-32.
Tokunaga F, Nakagawa T, Nakahara M, Saeki Y, Taniguchi M,
Sakata S, Tanaka K, Nakano H, lwai K. SHARPIN is a component
of the NF-kB-activating linear ubiquitin chain assembly complex.
Nature 2011; 471: 633-6.

Geisler S, Holmstrom KM, Skujat D, Fiesel FC, Rothfuss OC,
Kahle P)J, Springer W. PINK1/Parkin-mediated mitophagy is
dependent on VDAC1 and p62/SQSTM1. Nat Cell Biol 2010; 12:
119-31.

Crosas B, Hanna J, Kirkpatrick DS, Zhang DP, Tone Y,

Hathaway NA, Buecker C, Leggett DS, Schmidt M, King RW, Gygi
SP, Finley D. Ubiquitin chains are remodeled at the proteasome
by opposing ubiquitin ligase and deubiquitinating activities.
Cell 2006; 127: 1401-13.

Ben-Saadon R, Zaaroor D, Ziv T, Ciechanover A. The polycomb
protein Ring1B generates self atypical mixed ubiquitin chains
required for its in vitro histone H2A ligase activity. Mol Cell
2006; 24: 701-11.

Kim HT, Kim KP, Lledias F, Kisselev AF, Scaglione KM, Skowyra D,
Gygi SP, Goldberg AL. Certain pairs of ubiquitin-conjugating
enzymes (E2s) and ubiquitin-protein ligases (E3s) synthesize
nondegradable forked ubiquitin chains containing all possible
isopeptide linkages. ) Biol Chem 2007; 282: 17375-86.

Goto E, Yamanaka y, Ishikawa A, Aoki-Kawasumi M, Mito-
Yoshida M, Ohmura-Hoshino M, Matsuki Y, Kajikawa M, Hirano
H, Ishido S. Contribution of lysine 11-linked ubiquitination to
MIR2-mediated major histocompatibility complex class | inter-
nalization. ) Biol Chem 2010; 285: 35311-9.

Boname JM, Thomas M, Stagg HR, Xu P, Peng |, Lehner PJ.
Efficient internalization of MHC | requires lysine-11 and lysine-63
mixed linkage polyubiquitin chains. Traffic 2010; 11: 210-20.
Tatham MH, Geoffroy MC, Shen L, Plechanovova A, Hattersley N,
Jaffray EG, Palvimo JJ, Hay RT. RNF4 is a poly-SUMO-specific E3
ubiquitin ligase required for arsenic-induced PML degradation.
Nat Cell Biol 2008; 10: 538-46.

Ohtake F, Saeki Y, Sakamoto K, Ohtake K, Nishikawa H, Tsuchiya H,
Ohta T, Tanaka K, Kanno J. Ubiquitin acetylation inhibits poly-
ubiquitin chain elongation. EMBO Rep 2015; 16: 192-201.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

D. Morimoto and M. Shirakawa: The evolving world of ubiquitin: transformed polyubiquitin chains =—— 165

Kazlauskaite A, Kondapalli C, Gourlay R, Campbell DG, Ritorto
MS, Hofmann K, Alessi DR, Knebel A, Trost M, Mugit MM. Parkin
is activated by PINK1-dependent phosphorylation of ubiquitin at
Ser65. Biochem ] 2014; 460: 127-39.

Kane LA, Lazarou M, Fogel Al, Li Y, Yamano K, Sarraf SA,
Banerjee S, Youle R). PINK1 phosphorylates ubiquitin to activate
Parkin E3 ubiquitin ligase activity. ) Cell Biol 2014; 205: 143-53.
Koyano F, Okatsu K, Kosako H, Tamura Y, Go E, Kimura M, Kimura
Y, Tsuchiya H, Yoshihara H, Hirokawa T, Endo T, Fon EA, Trempe
J-F, Saeki Y, Tanaka K, Matsuda N. Ubiquitin is phosphorylated
by PINK1 to activate parkin. Nature 2014; 510: 162-6.

Morimoto D, Walinda E, Fukada H, Sou YS, Kageyama S, Hoshino
M, Fujii T, Tsuchiya H, Saeki Y, Arita K, Ariyoshi M, Tochio H, lwai
K, Namba K, Komatsu M, Tanaka K, Shirakawa M. The unex-
pected role of polyubiquitin chains in the formation of fibrillar
aggregates. Nat Commun 2015; 6: 6116.

Tsuchiya H, Tanaka K, Saeki Y. The parallel reaction monitoring
method contributes to a highly sensitive polyubiquitin chain
quantification. Biochem Biophys Res Commun 2013; 436:
223-9.

Hornbeck PV, Zhang B, Murray B, Kornhauser JM, Latham V,
Skrzypek E. PhosphoSitePlus, 2014: mutations, PTMs and recali-
brations. Nucleic Acids Res 2015; 43(Database issue): D512-20.
Herhaus L, Dikic |. Expanding the ubiquitin code through post-
translational modification. EMBO Rep 2015; 16: 1071-83.
Swatek KN, Komander D. Ubiquitin modifications. Cell Res 2016;
26:399-422.

Grunstein M. Histone acetylation in chromatin structure and
transcription. Nature 1997; 389: 349-52.

Eddins M), Carlile CM, Gomez KM, Pickart CM, Wolberger C.
Mms2-Ubc13 covalently bound to ubiquitin reveals the structural
basis of linkage-specific polyubiquitin chain formation. Nat
Struct Mol Biol 2006; 13: 915-20.

Suryadinata R, Holien JK, Yang G, Parker MW, Papaleo E,
Sarcevic B. Molecular and structural insight into lysine selection
on substrate and ubiquitin lysine 48 by the ubiquitin-conjugat-
ing enzyme Cdc34. Cell Cycle 2013; 12: 1732-44.

Ko S, Kang GB, Song SM, Lee )G, Shin DY, Yun JH, ShengY,
Cheong C, Jeon YH, Jung Y-K, Arrowsmith CH, Avvakumov GV,
Dhe-Paganon S, Yoo Y), Eom SH, Lee W. Structural basis of
E2-25K/UBB+1 interaction leading to proteasome inhibition and
neurotoxicity. ] Biol Chem 2010; 285: 36070-80.

Wickliffe KE, Lorenz S, Wemmer DE, Kuriyan J, Rape M. The
mechanism of linkage-specific ubiquitin chain elongation by a
single-subunit E2. Cell 2011; 144: 769-81.

Brzovic PS, Lissounov A, Christensen DE, Hoyt DW, Klevit RE. A
UbcH5/ubiquitin noncovalent complex is required for processive
BRCA1-directed ubiquitination. Mol Cell 2006; 21: 873-80.

Riley BE, Lougheed JC, Callaway K, Velasquez M, Brecht E,
Nguyen L, Shaler T, Walker D, Yang Y, Regnstrom K, Diep L,
Zhang Z, Chiou S, Bova M, Artis DR, Yao N, Baker J, Yednock T,
Johnston JA. Structure and function of Parkin E3 ubiquitin ligase
reveals aspects of RING and HECT ligases. Nat Commun 2013; 4:
1982.

Trempe JF, Sauvé V, Grenier K, Seirafi M, Tang MY, Ménade M,
Al-Abdul-Wahid S, Krett J, Wong K, Kozlov G, Nagar B, Fon EA,
Gehring K. Structure of parkin reveals mechanisms for ubiquitin
ligase activation. Science 2013; 340: 1451-5.

Wauer T, Komander D. Structure of the human parkin ligase
domain in an autoinhibited state. EMBO ] 2013; 32: 2099-112.



166 —— D. Morimoto and M. Shirakawa: The evolving world of ubiquitin: transformed polyubiquitin chains

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

Kondapalli C, Kazlauskaite A, Zhang N, Woodroof HI, Campbell
DG, Gourlay R, Burchell L, Walden H, Macartney TJ, Deak M,
Knebel A, Alessi DR, Mugit MM. PINK1 is activated by mitochon-
drial membrane potential depolarization and stimulates Parkin
E3 ligase activity by phosphorylating Serine 65. Open Biol 2012;
2:120080.

Shiba-Fukushima K, ImaiY, Yoshida S, Ishihama Y, Kanao T, Sato
S, Hattori N. PINK1-mediated phosphorylation of the Parkin
ubiquitin-like domain primes mitochondrial translocation of
Parkin and regulates mitophagy. Sci Rep 2012; 2: 1002.
Chaugule VK, Burchell L, Barber KR, Sidhu A, Leslie S}, Shaw GS,
Walden H. Autoregulation of Parkin activity through its
ubiquitin-like domain. EMBO | 2011; 30: 2853-67.

Wauer T, Simicek M, Schubert A, Komander D. Mechanism of
phospho-ubiquitin-induced PARKIN activation. Nature 2015;
524:370-74.

Ordureau A, Sarraf SA, Duda DM, Heo JM, Jedrychowski MP,
Sviderskiy VO, Olszewski JL, Koerber JT, Xie T, Beausoleil SA,
Wells JA, Gygi SP, Schulman BA, Wade Harper J. Quantitative
proteomics reveal a feedforward mechanism for mitochondrial
PARKIN translocation and ubiquitin chain synthesis. Mol Cell
2014; 56: 360-75.

Okatsu K, Koyano F, Kimura M, Kosako H, Saeki Y, Tanaka K,
Matsuda N. Phosphorylated ubiquitin chain is the genuine
Parkin receptor. | Cell Biol 2015; 209: 111-28.

Wauer T, Swatek KN, Wagstaff JL, Gladkova C, Pruneda JN,
Michel MA, Gersch M, Johnson CM, Freund SM, Komander D.
Ubiquitin Ser65 phosphorylation affects ubiquitin structure,
chain assembly and hydrolysis. EMBO ] 2015; 34: 307-25.
Thrower JS, Hoffman L, Rechsteiner M, Pickart CM. Recogni-
tion of the polyubiquitin proteolytic signal. EMBO ] 2000; 19:
94-102.

Gallo JM, Anderton BH. Brain diseases. Ubiquitous variations in
nerves. Nature 1989; 337: 687-8.

Mori H, Kondo J, lhara Y. Ubiquitin is a component of paired helical
filaments in Alzheimer’s disease. Science 1987; 235: 1641-4.
Ross CA, Poirier MA. Protein aggregation and neurodegenerative
disease. Nat Med 2004; 10: S10-7.

Lowe J, Aldridge F, Lennox G, Doherty F, Jefferson D, Landon M,
Mayer RJ. Inclusion bodies in motor cortex and brainstem of
patients with motor neurone disease are detected by immunocyto-
chemical localisation of ubiquitin. Neurosci Lett 1989; 105: 7-13.
Lennox G, Lowe J, Landon M, Byrne EJ, Mayer R}, Godwin-Austen
RB. Diffuse Lewy body disease: correlative neuropathology
using anti-ubiquitin immunocytochemistry. ) Neurol Neurosurg
Psychiatry 1989; 52: 1236-47.

Lennox G, Lowe ], Morrell K, Landon M, Mayer RJ. Ubiquitin is a
component of neurofibrillary tangles in a variety of neurodegen-
erative diseases. Neurosci Lett 1988; 94: 211-7.

Lowe J, Blanchard A, Morrell K, Lennox G, Reynolds L, Billett

M, Landon M, John Mayer R. Ubiquitin is a common factor in
intermediate filament inclusion bodies of diverse type in man,
including those of Parkinson’s disease, Pick’s disease, and
Alzheimer’s disease, as well as Rosenthal fibres in cerebellar
astrocytomas, cytoplasmic bodies in muscle, and mallory bod-
iesin alcoholic liver disease. ) Pathol 1988; 155: 9-15.
Hasegawa M, Fujiwara H, Nonaka T, Wakabayashi K, Takahashi
H, Lee VM, Trojanowski JQ, Mann D, Iwatsubo T. Phosphorylated
a-synuclein is ubiquitinated in a-synucleinopathy lesions. ) Biol
Chem 2002; 277: 49071-6.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

DE GRUYTER

Alves-Rodrigues A, Gregori L, Figueiredo-Pereira ME. Ubiquitin,
cellular inclusions and their role in neurodegeneration. Trends
Neurosci 1998; 21: 516-20.

Wintrode PL, Makhatadze Gl, Privalov PL. Thermodynamics of
ubiquitin unfolding. Proteins 1994; 18: 246-53.

Kajander T, Cortajarena AL, Main ER, Mochrie SG, Regan L. A new
folding paradigm for repeat proteins. ] Am Chem Soc 2005; 127:
10188-90.

Cortajarena AL, Regan L. Calorimetric study of a series of
designed repeat proteins: modular structure and modular fold-
ing. Protein Sci 2011; 20: 336-40.

Cook W/, Jeffrey LC, Kasperek E, Pickart CM. Structure of
tetraubiquitin shows how multiubiquitin chains can be formed.
J Mol Biol 1994; 236: 601-9.

Hagai T, Levy Y. Ubiquitin not only serves as a tag but also
assists degradation by inducing protein unfolding. Proc Natl
Acad Sci USA 2010; 107: 2001-6.

GavrilovY, Hagai T, Levy Y. Nonspecific yet decisive: ubiquit-
ination can affect the native-state dynamics of the modified
protein. Protein Sci 2015; 24: 1580-92.

Olzscha H, Schermann SM, Woerner AC, Pinkert S, Hecht MH,
Tartaglia GG, Vendruscolo M, Hayer-Hartl M, Ulrich Hartl F,
Martin Vabulas R. Amyloid-like aggregates sequester numerous
metastable proteins with essential cellular functions. Cell 2011;
144: 67-78.

Chiti F, Stefani M, Taddei N, Ramponi G, Dobson CM.
Rationalization of the effects of mutations on peptide

and protein aggregation rates. Nature 2003; 424: 805-8.
Vassall KA, Stubbs HR, Primmer HA, Tong MS, Sullivan SM,
Sobering R, Srinivasan S, Briere L-KH, Dunn SD, Colon W,
Meiering EM. Decreased stability and increased formation of
soluble aggregates by immature superoxide dismutase do not
account for disease severity in ALS. Proc Natl Acad Sci USA 2011;
108: 2210-5.

Bekard IB, Asimakis P, Bertolini J, Dunstan DE. The effects of
shear flow on protein structure and function. Biopolymers 2011;
95: 733-45.

Carrion-Vazquez M, Li H, Lu H, Marszalek PE, Oberhauser AF,
Fernandez JM. The mechanical stability of ubiquitin is linkage
dependent. Nat Struct Biol 2003; 10: 738-43.

Li PC, Makarov DE. Simulation of the mechanical unfolding of
ubiquitin: probing different unfolding reaction coordinates

by changing the pulling geometry. ] Chem Phys 2004; 121:
4826-32.

Riley BE, Kaiser SE, Shaler TA, Ng AC, Hara T, Hipp MS, Lage K,
Xavier R, Ryu K-Y, Taguchi K, Yamamoto M, Tanaka K,

Mizushima N, Komatsu M, Kopito RR. Ubiquitin accumulation in
autophagy-deficient mice is dependent on the Nrf2-mediated
stress response pathway: a potential role for protein aggregation
in autophagic substrate selection. J Cell Biol 2010; 191: 537-52.
van Nocker S, Vierstra RD. Multiubiquitin chains linked through
lysine 48 are abundant in vivo and are competent intermediates
in the ubiquitin proteolytic pathway. ] Biol Chem 1993; 268:
24766-73.

Bucciantini M, Giannoni E, Chiti F, Baroni F, Formigli L, Zurdo J,
Taddei N, Ramponi G, Dobson CM, Stefani M. Inherent toxicity of
aggregates implies a common mechanism for protein misfolding
diseases. Nature 2002; 416: 507-11.

Komatsu M, Waguri S, Chiba T, Murata S, Ilwata J, Tanida I, Ueno
T, Koike M, Uchiyama Y, Kominami E, Tanaka K. Loss of



DE GRUYTER

95.

96.

97.

98.

99.

100.

101.

autophagy in the central nervous system causes neurodegen-
eration in mice. Nature 2006; 441: 880-4.

Kirkin V, McEwan DG, Novak I, Dikic I. A role for ubiquitin in
selective autophagy. Mol Cell 2009; 34: 259-69.

Bennett EJ, Bence NF, Jayakumar R, Kopito RR. Global impair-
ment of the ubiquitin-proteasome system by nuclear or cyto-
plasmic protein aggregates precedes inclusion body formation.
Mol Cell 2005; 17: 351-65.

Kageyama S, Sou YS, Uemura T, Kametaka S, Saito T, Ishimura
R, Kouno T, Bedford L, Mayer R}, Lee M-S, Yamamoto M, Waguri
S, Tanaka K, Komatsu M. Proteasome dysfunction activates
autophagy and the Keap1-Nrf2 pathway. | Biol Chem 2014; 289:
2494455,

Léw P, Varga A, Pircs K, Nagy P, Szatmari Z, Sass M, Juhasz G.
Impaired proteasomal degradation enhances autophagy via
hypoxia signaling in Drosophila. BMC Cell Biol 2013; 14: 29.
IchimuraY, Waguri S, Sou YS, Kageyama S, Hasegawa J,
Ishimura R, Saito T, Yang Y, Kouno T, Fukutomi T, Hoshii T, Hirao
A, Takagi K, Mizushima T, Motohashi H, Lee M-S, Yoshimori T,
Tanaka K, Yamamoto M, Komatsu M. Phosphorylation of p62
activates the Keap1-Nrf2 pathway during selective autophagy.
Mol Cell 2013; 51: 618-31.

Kaganovich D, Kopito R, Frydman J. Misfolded proteins parti-
tion between two distinct quality control compartments. Nature
2008; 454:1088-95.

Shiber A, Breuer W, Brandeis M, Ravid T. Ubiquitin conjugation
triggers misfolded protein sequestration into quality control
foci when Hsp70 chaperone levels are limiting. Mol Biol Cell
2013; 24: 2076-87.

102.

103.

104.

105.

106.

107.

D. Morimoto and M. Shirakawa: The evolving world of ubiquitin: transformed polyubiquitin chains =—— 167

Bjgrkgy G, Lamark T, Brech A, Outzen H, Perander M, Overvatn
A, Stenmark H, Johansen T. p62/SQSTM1 forms protein aggre-
gates degraded by autophagy and has a protective effect on
huntingtin-induced cell death. J Cell Biol 2005; 171: 603-14.
Zhou X, Ikenoue T, Chen X, Li L, Inoki K, Guan KL. Rheb controls
misfolded protein metabolism by inhibiting aggresome forma-
tion and autophagy. Proc Natl Acad Sci USA 2009; 106: 8923-8.
Cuervo AM, Bergamini E, Brunk UT, Drége W, Ffrench M, Ter-
man A. Autophagy and aging: the importance of maintaining
“clean” cells. Autophagy 2005; 1: 131-40.

Rubinsztein DC, Marifio G, Kroemer G. Autophagy and aging.
Cell 2011; 146: 682-95.

Kim MS, Pinto SM, Getnet D, Nirujogi RS, Manda SS, Chaerkady
R, Madugundu AK, Kelkar DS, Isserlin R, Jain S, Thomas JK,
Muthusamy B, Leal-Rojas P, Kumar P, Sahasrabuddhe NA,
Balakrishnan L, Advani J, George B, Renuse S, Selvan LD, Patil

AH, Nanjappa V, Radhakrishnan A, Prasad S, Subbannayya T,
Raju R, Kumar M, Sreenivasamurthy SK, Marimuthu A, Sathe GJ,
Chavan S, Datta KK, Subbannayya Y, Sahu A, Yelamanchi SD,
Jayaram S, Rajagopalan P, Sharma J, Murthy KR, Syed N, GoelR,
Khan AA, Ahmad S, Dey G, Mudgal K, Chatterjee A, Huang TC,
Zhong J, Wu X, Shaw PG, Freed D, Zahari MS, Mukherjee KK,
Shankar S, Mahadevan A, Lam H, Mitchell CJ, Shankar SK,
Satishchandra P, Schroeder JT, Sirdeshmukh R, Maitra A,

Leach SD, Drake CG, Halushka MK, Prasad TS, Hruban RH, Kerr CL,
Bader GD, lacobuzio-Donahue CA, Gowda H, Pandey A. A draft
map of the human proteome. Nature 2014; 509: 575-81.

Chiti F, Dobson CM. Amyloid formation by globular proteins
under native conditions. Nat Chem Biol 2009; 5: 15-22.



