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Abstract
Post-translational modifications (PTMs) play 
important roles in altering the structure and 
function of proteins. In this chapter, we focus on 
ubiquitination and SUMOylation of amyloidogenic 
proteins. We discuss the functional contributions 
of PTMs on proteins involved in amyloid-related 
diseases as well as the aberrant PTM signatures of 
the disease agents. In addition, we extend our dis-
cussion to the nascent field of functional amyloids, 
a subclass of amyloids that perform physiological 
functions. Here, we present examples from mam-
mals and yeast to gain insight into physiological 
regulation of amyloid-like proteins.

Introduction

Post-translational modifications
Post-translational modifications (PTMs) involve 
the covalent conjugation of a chemical moiety to 
a target protein. Depending on the moiety, these 
modifications can be stable or highly dynamic. 
PTMs represent a global regulatory mechanism 

that is involved in virtually all aspects of cell biology 
(Mann and Jensen, 2003), including subcellular 
localization and trafficking, molecular interactions, 
state of activity, and molecular stability and deg-
radation. There are many types of PTMs, such as 
phosphorylation, acetylation, glycosylation, and 
methylation. This article focuses specifically on 
ubiquitination and SUMOylation.

Ubiquitination
Since the initial discovery of ubiquitin-mediated 
targeting of proteins for degradation (Hershko and 
Ciechanover, 1998), tens of thousands of ubiqui-
tination sites have been identified on thousands 
of substrate proteins using proteomic techniques 
(Peng et al., 2003; Kim et al., 2011; Wagner et al., 
2011). The ubiquitination process is complex, with 
over 1000 proteins regulating ubiquitination in 
human cells (Clague et al., 2015). The process is 
further complicated by a three-step enzymatic cas-
cade (Fig. 25.1), which is necessary to covalently 
conjugate ubiquitin to its target protein. First, an E1 
ubiquitin activating enzyme supplies the energy for 
the reaction (Shulman and Harper, 2009), followed 
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by an E2 conjugating enzyme (Ye and Rape, 2009), 
and then an E3 ubiquitin ligating enzyme (Deshaies 
et al., 2009; Rotin and Kumar, 2009; Smit and 
Sixma, 2014). Often, ubiquitin is conjugated via the 
C-terminal glycine to a lysine residue on the target 
protein (Pickart, 2001). Ubiquitination can also 
occur through conjugation to the N-terminus of the 
target protein, although this covalent attachment 
is less common (Pickart, 2001). Deubiquitinases 
(DUBs) specialize in the removal of ubiquitin from 
substrate proteins (Komander et al., 2009; Clague 
et al., 2013).

Ubiquitin is a 76 amino acid protein and contains 
various sites for post-translational modification. 
Importantly, ubiquitin contains seven lysine resides 
which can be modified and eleven potential phos-
phorylation sites (Swatek and Komander, 2016). 
This allows for the formation of polyubiquitin 
chains and greatly increases complexity. On these 
identified residues, ubiquitin can be modified by 
ubiquitin and ubiquitin-like groups, acetyl-groups, 
and phospho-groups. These ubiquitin-like groups 
include SUMO (small ubiquitin-like modifier), 
NEDD8 (neural precursor cell expressed, develop-
mentally down-regulated 8) (Kamitani et al., 1997), 
ISG 15 (interferon inducible gene 15) (Kessler et 
al., 1988), and ATG 8 (autophagic ubiquitin-like 
protein) (Ichimura et al., 2000).

The residue ubiquitinated and extent of 
ubiquitination, i.e. polyubiquitination versus mon-
oubiquitination and the formation of ubiquitin 
branches, are critical for the destiny of the substrate 
protein. The majority of ubiquitination occurs via 
lysine 48 ubiquitin chain linkage and this targets 
the substrate to degradation, via the ubiquitin 

proteasome system (UPS) (Hershko and Ciech-
anover, 1998). Another prominent degradation 
signal is triggered by lysine 11 polyubiquitination 
(Finley, 2009). The second most prevalent ubiq-
uitin modification occurs via lysine 63 linkage and 
is involved in various non-degradative roles (Chen 
and Sun, 2009).

Although more than 50% of ubiquitinated 
proteins are destined for proteasomal degrada-
tion, substrates can undergo other fates involved in 
protein activity and cellular localization (Seet et al., 
2006) by inhibiting protein–protein interactions 
through steric hinderance. Specifically, polyubiq-
uitin chains have functional roles in signalling, 
endocytosis, DNA repair, and macroautophagy 
(Kraft et al., 2010). Various other combinations 
create complex cellular signalling. For example, 
Met1-linked linear ubiquitin chains have been iden-
tified as being key positive regulators of NF-κB 
signalling (Swatek and Komander, 2016). Another 
example is Lys33 linked ubiquitin chains, which are 
involved in trafficking of the protein after exiting the 
Golgi (Yuan et al., 2014). Monoubiquitination can 
also influence various fates, depending on the resi-
due modified. For example, monoubiquitination 
can play a role in sorting proteins into extracellular 
vesicles (Kunadt et al., 2005).

SUMOylation
As mentioned in the previous section, there exist 
various ubiquitin-like modifications, one of which 
is SUMO (small ubiquitin-like modifier). Although 
both ubiquitin and SUMO are similar in structure 
and require a three-enzyme cascade for substrate 
conjugation, ubiquitination and SUMOylation 

Figure 25.1 The ubiquitination cycle. Schematic of the ubiquitination enzymatic cascade. Ubiquitin (Ub) is 
activated in an energy-dependent manner by E1. Ubiquitin is then passed from E1 to E2. E3 interacts with the 
substrate (orange protein) to be ubiquitinated. Ultimately, it is E3 which conjugates ubiquitin to the substrate.
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proteins have very distinct functions. Overall, ubiq-
uitination is often generalized as a ‘degradation’ 
modification while SUMO is often generalized as 
either a ‘solubility’ or ‘trafficking’ modification. 
These generalization are, of course, an over-sim-
plification of complex cellular signalling, but do 
indicate vastly distinct functions. A more in-depth 
discussion of SUMOylated protein function will 
follow. Another distinction between ubiquitination 
and SUMOylation of a substrate is in the E2 and 
E3 involved in their respective three-step enzymatic 
cascades, as discussed below.

Discovery of the yeast SUMO orthologue 
SMT3 paved the way for detailed functional stud-
ies of this highly soluble, globular protein and its 
role as a protein modifier (Meluh and Koshland, 
1995). In mammals, SUMO1–5 exist as revers-
ible protein modifiers which form isopeptide 
bonds with lysine residues of the target proteins 
(Mahajan et al., 1997) and SUMO family proteins 
are expressed ubiquitously across eukaryotic cell 
types (Melchior, 2000; Bohren et al., 2004; Guo 
et al., 2004). SUMOylation can lead to three non-
mutually exclusive events: inhibition of interaction 

via steric hinderance, increase in interaction via 
recruitment, and change in conformation of the 
substrate (Wilkinson and Henley, 2010). This post-
translational modification is an essential cellular 
process and produces an embryonic lethal pheno-
type when knocked out in mice or mammalian cells 
(Hayashi et al., 2002; Nacerddine et al., 2005).

Similar to ubiquitination, SUMOylation occurs 
through a three-step enzymatic pathway. Specifi-
cally, for SUMOylation, an E1-activating enzyme 
(SAE1/SAE2) (Gong et al., 1999), an E2-con-
jugase (Ubc9), and an E3-ligase (Hay, 2005) are 
required (Fig. 25.2). SUMO is first activated by the 
heterodimer SAE1/SAE2 and then passed to the 
catalytic pocket of the E2 conjugase Ubc9. Ubc9 
is the sole conjugating enzyme for all SUMOs and 
will not conjugate other proteins (Desterro et al., 
1997). Through Ubc9-driven conjugation, SUMO 
forms an isopeptide bond with lysine. Lysines in 
the target protein are capable of being SUMOylated 
when part of a W-K-X-[D/E] consensus motif, in 
which W represents any large hydrophobic residue 
and X is any residue (Rodriguez et al., 2001, Samp-
son et al., 2001; Geiss-Friedlander, 2007). There 

Figure 25.2 The SUMOylation cycle. Schematic of the SUMOylation pathway. SUMO protein is cleaved by 
SENP, followed by energy-dependent E1 binding. SUMO is then passed to E2. E3 conjugates the mature SUMO 
to the substrate (orange protein). The target protein can then be further polySUMOylated, or deSUMOylated 
via SENP.
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are three distinct families of E3 ligases involved in 
SUMOylation: SP-RING-finger-like, Ran binding 
protein 2 (RanBP2), and Polycomb protein 2 (Pc2) 
(Melchior et al., 2003). Sentrin-specific proteases 
(SENPs) and De-SUMOylating isopeptidase 1 
and 2 (DeSI-1 and 2) are responsible for reversing 
SUMO conjugation (Potts and Yu, 2005).

Of the five SUMO proteins, SUMO1, SUMO2, 
and SUMO3 are the most extensively studied. 
SUMO1 is a 101 amino acid protein, sharing 
only 47% homology with SUMO2 and SUMO3. 
SUMO2 and SUMO3 are nearly identical and 
only vary in three amino acid residues. These three 
SUMOs are ubiquitously expressed. An important 
difference between SUMO1 and SUMO2/3 is the 
formation of polymeric chains. SUMO1 attaches 
as a single molecule only, whereas SUMO2/3 is 
capable of forming a chain due to a consensus 
SUMO motif in the N-terminus (Cheng et al., 
2006). SUMO4 and SUMO5 expression is still 
under debate. Currently, SUMO4 mRNA expres-
sion has been found in lymph, kidney, and spleen 
(Guo et al., 2004) and does not appear to par-
ticipate in conjugate formation, suggesting that it 
may be a pseudogene (Owerbach et al., 2005). 
SUMO5 has recently been discovered in primates, 
although expression is not detectable in the brain 
and remains a largely unexplored protein (Liang 
et al., 2016).

Amyloidogenic proteins

Amyloids
Amyloidogenic proteins, or amyloids, are char-
acterized by (1) a propensity to fibrillize with a 
cross β structure (Fig. 25.3A) and (2) an ability 
to bind the dye Congo Red, which produces green 
birefringence on illumination with polarized light 
(Serpell, 2000; Dobson, 2003). Many proteins 
display amyloid characteristics but lack a defined 
cross β structure; for these proteins, we will refer 
to them as amyloid-like. Monomeric amyloids are 
soluble and often contain unstructured domains 
in aqueous solution (Baumketner et al., 2006), 
whereas fibrillization increases the insolubility of 
the protein and is accompanied by an increase in 
β-sheet formation, followed by various stages of 
self-assembly. The end product is an insoluble amy-
loid fibril that is proteinase K resistant (Dobson, 
2003). These fibrils can further associate to form 

proteinaceous bodies, which are commonly found 
in neurodegenerative diseases. To initiate assembly 
from monomeric species, the fibrillization process 
requires a nucleation event. This event creates 
intermediate species, including oligomers, and then 
elongates before mature fibrils are fully formed (Fig. 
25.3B). Side chains play an important role in associ-
ating several β-sheets between fibrillar components 
(Serpell, 2014). Other components influencing 
association include π stacking between side chains, 
high net charge, exposure of aromatic side chains, 
exposed surface area, and dipole moments (Chiti 
and Dobson, 2006).

Prions (proteinaceous infectious 
particles)
Stanley Prusiner’s seminal research on prion pro-
teins and prion diseases led to the concept that an 
infectious disease could be caused by a proteina-
ceous agent, an idea that was initially met with great 
scepticism by the scientific community (Prusiner, 
1982; Safar et al., 2005). However, several stud-
ies confirmed that prions were indeed infectious 

Figure 25.3 Amyloid fibrillization. (A) Cartoon 
examples of parallel β-sheets and (B) antiparallel 
β-sheets. (C) Amyloid fibrillization plot showing the 
aggregation of a native protein into an amyloid fibril 
over time.
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(Bolton et al., 1982; McKinley et al., 1983) and 
amyloid-like (Prusiner et al., 1983).

Prion diseases are characterized by the conver-
sion of cellular prion protein (PrP) to a pathogenic 
form (PrPsc) (Fig. 25.4). Whereas PrP exists 
as a soluble, cell-surface glycosyl phosphatidyl 
inositol-link glycoprotein, PrPsc is amyloidogenic 
and pathogenic. The pathogenicity of PrPsc is 
transmissible between organisms. Prion diseases 
in humans include kuru, Creutzfeldt-Jakob disease 
(CJD) (Gibbs et al., 1968), Gerstmann–Straussler–
Scheinker (GSS) disease, and fatal familial insomnia 
in humans. There are additional prion diseases 
found in non-human mammals including scrapie, 
transmissible mink encephalopathy, chronic wast-
ing disease, and bovine spongiform encephalopathy 
(Aguzzi et al., 2007).

The protein characterization of ‘prion’ is very 
specific. For a protein to be considered an amyloid, 
it must convert to a cross-β structure, and bind 
Congo Red with a green birefringence under polar-
ized light (Serpell, 2000). These amyloid qualities 
are shared with prions. However, not all amyloids 
are prions. For an amyloid to also be a prion, it must 
have the additional characteristic of transmissibility 
(Prusiner, 2013). The definition of prion transmis-
sibility remains a contested topic within the field. 
Are proteins prions only when transmissible across 
organisms, such as in PrPsc diseases? Are proteins 
prions when transmissible across cells? Organism 
transmissibility is certainly a prion trait; however, 
cellular transmissibility is a contended topic. For 
the purposes of this article, we will distinguish cel-
lularly transmissible amyloidogenic proteins that 

lack clear evidence of organism transmissibility as 
‘prionoids’ (Scheckel and Aguzzi, 2018).

Prionoids exist in many common neuro-
logical diseases, such as Alzheimer’s disease and 
Parkinson’s disease. Common prionoids include 
β-amyloid (Meyer-Luehmann et al., 2006; Eisele 
et al., 2010), tau (Clavaguera et al., 2009; Guo 
and Lee, 2011; Kfoury et al., 2012), α-synuclein 
(Braak et al., 1996, 2003), SOD1 (Münch et al., 
2011), and Huntingtin (Ren et al., 2009). These 
prionoids are, of course, all amyloids. Many physi-
ological proteins also have a propensity to adopt 
an amyloid-like structure and display transmissible 
heritability when expressed in yeast (Liebman and 
Chernoff, 2012). To distinguish proteins with the 
aforementioned characteristics, we will use the 
term prion-like (Frost and Diamond, 2012).

Amyloids fibrillize to form defined, specific 
structures. Often, amyloids and prions/prionoids/
prion-like proteins will be characterized as having 
‘aggregation’ properties. Within the amyloid 
field, aggregation suggests a disordered assembly 
of proteins. Aggregation lacks control and does 
not specify self-association properties or specific 
structure of the proteins within the ‘aggregates’. 
In this chapter, we use the terms ‘aggregate’ and 
‘fibrils’ as the amyloid field uses them; i.e. fibrils are 
composed of self-assembled amyloids with cross β 
structure, and aggregates are a disordered assembly 
and non-specific interaction of proteins.

Inclusion bodies
Deposits of aggregation-prone proteins are often 
termed inclusion bodies. A hallmark of many 

Figure 25.4 Prion conversion. Schematic of prion conversion pathway from functional (purple circle) to 
pathological (pink hexagon), including the critical steps of prion conversion, elongation, seeding, and 
fragmentation.
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neurodegenerative diseases is the formation of 
amyloid inclusion bodies, although the contribu-
tion of amyloid inclusion bodies to neuronal death 
is still highly debated. Various hypotheses have been 
proposed to explain the role of inclusion bodies in 
neurodegenerative disease. For example, inclusion 
bodies may serve as a receptacle for misfolded and 
aggregating proteins. While some consider this a 
beneficial process whereby the cell captures toxic 
proteins, others consider the formation of inclusion 
bodies to provide a means of physical entrapment 
of functional proteins. Much of the data suggest 
that inclusion bodies indeed capture misfolded 
proteins that would otherwise prove cytotoxic 
(Wójcik et al., 1996; Johnston et al., 1998; García-
Mata et al., 1999). Indeed, research suggests that 
ubiquitin-dependent proteasomal targeting of 
substrate proteins to inclusion bodies exists physi-
ologically (Kawaguchi et al., 2003; Hao et al., 2013; 
Schipper-Krom et al., 2014), while restoration of 
the UPS in neurodegenerative disease correlates 
with increased inclusion body formation (Mitra et 
al., 2009; Ortega et al., 2010). Perhaps, inclusion 
bodies provide a mechanism that can contain toxic 
proteins that are so aggregated that the proteasome 
fails to efficiently degrade them (Ma and Lindquist, 
2002).

Several of these inclusion bodies have been 
found to be SUMOylated in disease (Li et al., 
2003; Steffan et al., 2004; Riley et al., 2005; Fei et 
al., 2006; Krumova et al., 2011). There are mul-
tiple hypotheses on why aggregating amyloids 
and amyloid-like proteins may be SUMOylated. 
One hypothesis posits that SUMOylation is a 
general solubility enhancer that allows the cells to 
counteract aggregation. Another possibility is that 
SUMOylation provides steric hindrance to fibril 
formation and thus abrogates the extent of amyloid 
fibrillization. Finally, SUMO conjugation has been 
hypothesized to work as a chaperone and enhance 
the folding of the target protein. Indeed, SUMOyla-
tion also occurs on chaperone proteins, affecting 
their activity in protein quality control (Panse et 
al., 2004; Wohlschlegel et al., 2004; Denison et al., 
2005). All hypotheses allow for the cellular regu-
lation of toxic proteins with post-translational 
modifications.

Many inclusion bodies in neurodegenerative 
disease are also ubiquitinated (Dantuma and 
Bott, 2014). The UPS is an important component 

of neurodegenerative disease, considering its 
critical role as a protein homeostasis regulator. 
Importantly, it is the role of the UPS to degrade mis-
folded and aggregation-prone proteins in healthy 
systems. When an increase in aggregated protein 
overwhelms the system, a downstream decrease 
in normal homeostatic functioning of the UPS 
machinery occurs (Dantuma and Bott, 2014). This 
creates a dangerous hampering of the degradation 
machinery, as pathological amyloid formation con-
tinues to build and causes a feedback loop in which 
more amyloid will cause greater UPS impairment.

Toxic amyloids

Synucleinopathies
Synucleinopathies are a group of neurodegen-
erative diseases characterized by the aggregation 
of filamentous α-synuclein into cytosolic inclu-
sion bodies called Lewy bodies (Goedert, 2001). 
α-synuclein is an intrinsically disordered protein, 
meaning that it has no defined secondary struc-
ture when unbound (Schweers et al., 1994), and 
it functions at the synapse in vesicle trafficking, 
plasticity, and inhibition of kinase signalling (Iwata 
et al., 2001; Chandra et al., 2004; Liu et al., 2004; 
Chandra et al., 2005; Liu et al., 2007). However, 
under disease conditions, α-synuclein undergoes 
a conformational change to a cross β-pleated sheet 
structure and continues along the path of amyloid 
fibrillization until ultimately depositing as a Lewy 
body (Fig. 25.5; Spillantini et al., 1997; Conway et 
al., 2000; Serpell et al., 2000; Ulmer et al., 2005; 
Guerrero-Ferriera et al., 2018; Rose et al., 2018).

α-synuclein can be mono- and poly-ubiqui-
tinated, where monoubiquitination promotes 
aggregation (Nonaka et al., 2005; Lee et al., 2008) 
and polyubiquitination at lysine 48 targets the pro-
tein to the proteasome (Lee et al., 2009). Indeed, 
increasing the pool of free ubiquitin decreases 
α-synuclein-driven neurodegeneration in a 
Drosophila disease model (Lee et al., 2009). An 
increased amount of free ubiquitin is thought to 
induce the polyubiquitination of α-synuclein. This 
balance of the free ubiquitin pool, monoubiquit-
ination of α-synuclein, and the polyubiquitination 
of α-synuclein is further complicated by toxic 
α-synuclein-mediated inhibition of UPS function 
(Stefanis et al., 2001; Snyder et al., 2003; Chen 
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et al., 2006), which globally disrupts ubiquitin-
dependent proteasomal targeting.

α-synuclein can be mono-SUMOylated and 
lacks detectable poly- or multi-SUMOylation 
(Dorval and Fraser, 2006; Oh et al., 2011). Mono-
SUMOylation occurs at one of two putative SUMO 
consensus motifs, lysine 96 or lysine 102 (Dorval 
and Fraser, 2006; Oh et al., 2011; Krumova et al., 
2011), and does not compete for ubiquitination 
at these residues (Krumova et al., 2011). Thus 
far, we know that α-synuclein is SUMOylated by 
E3 hPc2 (Oh et al., 2011) and that Lewy Body-
derived α-synuclein is conjugated to SUMO2 in 
transgenic mouse models (Pounteny et al., 2005; 
Krumova et al., 2011; Oh et al., 2011). Interestingly, 
SUMOylation of recombinant and overexpressed 
α-synuclein was found to increase solubility (Kru-
mova et al., 2011; Shahpasandzadeh et al., 2014). 
Indeed, in vitro SUMO1-conjugation of even 50% 
of α-synuclein was sufficient to block fibrillization 
with percentages as low as 10% substantially delay-
ing fibrillization (Krumova et al., 2011). When 
SUMOylation of α-synuclein is hindered in yeast, 
cell, and animals models, neurotoxicity is promoted 
by increased fibrillar/aggregate formation (Kru-
mova et al., 2011; Shahpasandzadeh et al., 2014).

Generally, monoubiquitination of α-synuclein 
promotes aggregation (Nonaka et al., 2005; Lee 
et al., 2008) while monoSUMOylation promotes 
solubility (Krumova et al., 2011) and polyubiquit-
ination drives protein degradation via the UPS (Lee 
et al., 2009). Ubiquitination and SUMOylation of 
α-synuclein are likely independent processes, and 
occur on different lysine residues (Kim et al., 2011).

Parkinson’s disease
Autosomal-dominant Parkinson’s disease arises 
due to missense mutations and increased expres-
sion of α-synuclein (Polymeropoulos et al., 1997; 
Krüger et al., 1998; Zarranz et al., 2004), which 
results in the selective degeneration of dopaminer-
gic neurons of the substantia nigra pars compacta 
to the striatum. Aggregates of α-synuclein cause 
Lewy body formation in late stages of the disease. 
These α-synuclein-rich Lewy bodies are the major 
histopathological hallmark of Parkinson’s disease 
(Spillantini and Goedert, 2000).

A K96R/K102R α-synuclein rodent model of 
Parkinson’s disease exhibits exacerbated neuronal 
toxicity and neurodegeneration (Krumova et al., 
2011). By mutating the lysine residues at 96 and 
102, α-synuclein can no longer be SUMOylated. 
Recall that lysine 96 and 102 are part of SUMO 
consensus motifs, and that monoSUMOylation of 
α-synuclein drives solubility (Dorval and Fraser, 
2006; Kim et al., 2011; Krumova et al., 2011). 
Thus, it is possible that an inhibition of α-synuclein 
monoSUMOylation is driving Parkinson-like 
neurodegenerative effects in this rodent model of 
Parkinson’s disease.

Another element of Parkinson’s disease that 
links ubiquitination to pathology is the E3 ubiqui-
tin ligase parkin. The PARK2 gene produces parkin 
and the PARK2 genetic mutation is one of the most 
commonly known genetic causes of early-onset Par-
kinson’s disease, suggesting that ubiquitination may 
play a critically important role in the disease. How-
ever, early onset Parkinson’s disease pathology does 

Figure 25.5 α-synuclein structure. (A) Monomeric and (B) fibrillar α-synuclein. Images created using the Protein 
Data Bank NGL Viewer from 1XQ8 and 6FLT. (C) A schematic of α-synuclein domains.
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