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Abstract: The ‘oxygen paradox’ arises from the fact
that oxygen, the molecule that aerobic life depends on,
threatens its very existence. An oxygen-rich environment
provided life on Earth with more efficient bioenerget-
ics and, with it, the challenge of having to deal with a
host of oxygen-derived reactive species capable of dam-
aging proteins and other crucial cellular components.
In this minireview, we explore recent insights into the
metabolism of proteins that have been reversibly or irre-
versibly damaged by oxygen-derived species. We discuss
recent data on the important roles played by the protea-
somal and lysosomal systems in the proteolytic degra-
dation of oxidatively damaged proteins and the effects
of oxidative damage on the function of the proteolytic
pathways themselves. Mitochondria are central to oxy-
gen utilisation in the cell, and their ability to handle oxy-
gen-derived radicals is an important and still emerging
area of research. Current knowledge of the proteolytic
machinery in the mitochondria, including the ATP-
dependent AAA+ proteases and mitochondrial-derived
vesicles, is also highlighted in the review. Significant
progress is still being made in regard to understanding
the mechanisms underlying the detection and degrada-
tion of oxidised proteins and how proteolytic pathways
interact with each other. Finally, we highlight a few
unanswered questions such as the possibility of oxidised
amino acids released from oxidised proteins by proteoly-
sis being re-utilised in protein synthesis thus establish-
ing a vicious cycle of oxidation in cells.
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Introduction: survivalin an
oxygen-rich environment

Life on Earth is thought to have originated and evolved in
an anoxic environment. A major change occurred with the
so-called Great Oxygenation Event driven by the ability of
oxyphotobacteria (ancestors of cyanobacteria) to produce
substantial amounts of oxygen (0,) as a byproduct of oxy-
genic photosynthesis (Fischer et al., 2016). The oxygen-rich
environment provided life with new bioenergetic opportu-
nities but also with the challenge of coping with oxidative
stress (Fischer et al., 2016). Consequently, all living organ-
isms, including anaerobes, have evolved a diverse range of
mechanisms for preventing oxidative damage to biomol-
ecules and for dealing with any oxidant damaged mate-
rial generated. In the case of proteins, oxidative damage
is a double-edged sword because, in addition to damage
to many important functional molecules, there can also be
damage to the systems which facilitate their removal.

In this minireview, we discuss recent developments
that have extended early observations that showed that
oxidised proteins can be selectively removed from mam-
malian cells by cysteine proteases (lysosomes) (Kurz et al.,
2008) and the multicatalytic protease (proteasome) (Rivett
and Levine, 1987; Stadtman et al., 1988; Grune et al., 1996,
1997). Recent studies have provided a better understanding
of how these proteolytic pathways are regulated and the
extent to which the proteolytic machinery itself is suscepti-
ble to oxidative damage. We discuss important advances in
our understanding of the role that dysfunctional mitochon-
dria play in protein oxidation and the endogenous mecha-
nisms that limit damage to this organelle and to the cell.
The unfolded protein response in the endoplasmic reticu-
lum is now known to play a key role in the regulation of oxi-
dised protein levels and the latest advances in this field will
also be discussed. We focus on recent insights into the cel-
lular handling of oxidatively damaged proteins rather than
the role that protein oxidation can play in cell signalling.

Types of modification to proteins

Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) are inevitable by-products of cellular
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metabolism and are important mediators of biological
functions via redox signalling (Jung et al., 2014). Unregu-
lated oxidative modifications caused by ROS and RNS can
result in reversible or irreversible damage to proteins, with
specific modifications leading to each endpoint (Figure
1) (Jung et al., 2014). Irreversible oxidative modifications
can either cause global protein damage or target specific
amino acid residues. For example, when cysteine residues
are exposed to oxidative stress, ROS cause the reversible
loss of thiol (-SH)- groups and the formation of sulfenic
acids (Poole, 2015). In another reversible reaction,
methionine can be oxidised to methionine sulfoxide when
oxygen binds to the its sulphur molecule (Schoéneich,
2005). Arginine, glutamine, isoleucine, leucine, lysine,
proline and valine side chains are the most susceptible to
oxidative protein modifications in the form of carbonyla-
tion (Jung et al., 2014) and the resulting carbonyls can be
used as markers of global protein oxidation (Augustyniak
et al., 2015). Approaches commonly used to detect or
quantify protein carbonyls in biological samples have
been comprehensively reviewed by Augustyniak et al.
(2015). The products of oxidative modification to the aro-
matic amino acid residues in proteins are also widely used
as biomarkers of oxidative damage in ageing, inflamma-
tion and a range of disease processes involving oxidative
stress (Dalle-Donne et al., 2006; Whiteman and Spencer,
2008; Bechtold et al., 2009; Frijhoff et al., 2015). Oxida-
tive modification to the aromatic amino acids produce an
array of products depending on the oxidant involved. The
short-lived hydroxyl radical will generate products such
as 3,4-dihydroxyphenylalanine (DOPA) and meta-tyrosine
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locally from oxidation of tyrosine and phenylalanine resi-
dues in proteins respectively (Stadtman and Levine, 2003).
In addition to radical oxidants, two electron oxidants
such as hypochlorous acid (HOCI) and peroxynitrous
acid (ONOOH) also generate characteristic products on
tyrosine side chains such as 3-nitrotyrosine (Radi, 2013)
and 3-chlorotyrosine (Ogata, 2007) respectively (Feeney
and Schoneich, 2012). While these two electron oxidants
react with aromatic amino acids, methionine and cysteine
residues are the preferred targets in proteins (Feeney and
Schoneich, 2012).

Tryptophan side chains are also known to generate a
number of characteristic products on oxidation. The major
products of photo-oxidation of tryptophan are kynure-
nine and N-formylkynurenine (Pattison et al., 2012). Other
types of modifications can result in irreversibly modi-
fied proteins. For example, reducing sugars react non-
enzymatically with amino groups in proteins, generating
products that can undergo further glycation and molecular
rearrangement resulting in the generation of advanced gly-
cation end products (AGEs) (Morgan et al., 2002). In addi-
tion, the degradation products of lipid peroxides such as
4-hydroxynonenal can form covalent adducts with the side
chains of nucleophilic amino acids (Kaur et al., 1997). The
extent of modification to proteins is important since there
is a correlation between increased oxidative modification,
decreased accessibility to the degradation machinery,
and increasing aggregate formation (Jung et al., 2014).
This bi-phasic pattern of protein degradation was clearly
demonstrated using a novel in vitro model system in
which DOPA-containing proteins were biosynthetically
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Figure 1: Overview of oxidative modifications to proteins.

This Figure depicts reversible (green) and irreversible (blue) oxidative protein modifications. Enzymatic posttranslational protein modifica-
tions that occur in response to oxidative stress are reversible, functional modifications that do not cause cellular damage (red arrows).
Conversely, reversible modifications due to the loss of sulfhydryl (-SH) groups and irreversible oxidative modifications are not functional and

induce cellular stress (blue arrows).
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generated in cells from incorporation of L-DOPA into pro-
teins in place of L-tyrosine (Rodgers et al., 2002). In this
‘oxidant-free’ model, proteins containing lower levels of
DOPA were degraded faster than native proteins but with
increasing levels of DOPA in the polypeptide chain, pro-
teins became more aggregate prone and protease-resistant
(Rodgers et al., 2002; Dunlop et al., 2008). The metabolism
of oxidised proteins is also reliant upon the cellular loca-
tion of the modified protein. Multiple proteolytic pathways
exist in different cellular compartments to metabolise the
diversity of oxidised proteins that can be generated in the
cell and prevent or limit their deleterious effects (Figure 2).
Oxidised proteins in the extracellular matrix can either be
degraded in situ or endocytosed and degraded within the
cell (Nowotny and Grune, 2014).

Reversible protein oxidation

Repair of reversible oxidative modifications to proteins
is mediated by enzymatic reduction regardless of the cel-
lular location of the modified protein (H6hn et al., 2013).
Sulfenic acids and disulfides formed by the oxidation of
cysteine thiols can be reduced by the thioltransferases
thioredoxin and glutaredoxin (Poole, 2015). Further
cysteine oxidation results in an irreversible modification,
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Figure 2: Pathways of oxidised protein removal.

The Figure depicts the mechanisms of metabolism for the two types
of oxidative protein modifications. Reversible modifications are
reversed by enzymes such as thioltransferases and methionine
sulfoxide reductases. Conversely, proteins with irreversible oxida-
tive damage must be removed by proteolysis. Those that occur in
the cytoplasm, nucleus or endoplasmic reticulum (ER) are degraded
either by the proteasomal and lysosomal systems. Peroxisomes
and mitochondria rely on organelle specific proteases to maintain
proteostasis and mitochondria also utilise mitochondrial-derived
vesicles (MDVs) to transport oxidised cargo to the lysosome. Where
these mechanisms are unsuccessful, aggregation of oxidised pro-
teins occurs.
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the formation of sulfinic and sulfonic acids. However,
there is one exception and the enzyme sulfiredoxin exclu-
sively reduces sulfinic acid in peroxiredoxins in an ATP-
consuming reaction (Jeong et al., 2012).

Similarly, the reduction of methionine sulfoxide
(MetSO0), formed by the oxidation of methionine, is cata-
lysed by methionine sulfoxide reductases (MSRs) (Tarrago
et al., 2012). Within the past 5 years, our knowledge of
MSRs has expanded significantly. It was discovered that
the two classes of MSR enzymes, MsrA and MsrB, act on
the S and R stereoisoforms of MetSO respectively (Devarie-
Baez et al., 2016). In addition, MSRs preferentially protect
cells from protein unfolding due to oxidative damage in
the yeast Saccharomyces cerevisiae (Tarrago et al., 2012)
and the MsrB enzyme SelR reverses actin oxidation in the
cytoskeleton of Drosophila (Hung et al., 2013). Recently,
the ubiquitous nature of enzymatic reduction was high-
lighted with the discovery of the first mitochondrial MSR
substrate, the adenine nucleotide exchange factor Mgel
that acts as an oxidative sensor during mitochondrial
protein import. Upon oxidation Mgel is reduced by MsrB
(Marada et al., 2013; Allu et al., 2015).

Irreversible protein oxidation

In the case of non-repairable oxidative modification to
proteins, removal by proteolysis is required to maintain
cellular protein homeostasis (proteostasis). While all pro-
teins are at risk of oxidant attack, proteins in the cytosol,
nucleus, endoplasmic reticulum and mitochondria are the
primary targets of oxidative modification (Baraibar and
Friguet, 2013). Therefore, it is important to understand the
proteolytic systems in each subcellular location responsi-
ble for degrading irreversibly oxidised proteins.

Oxidised protein removal from
the cytoplasm, nucleus and
endoplasmic reticulum

The proteasomal and lysosomal degradation pathways are
utilised to remove proteins from the cytoplasm, nucleus
and endoplasmic reticulum (ER). As the focus of this mini-
review is on recent insights, these proteolytic pathways
will only be briefly reviewed and more detailed reviews
can be found elsewhere (Pickering and Davies, 2012;
Settembre et al., 2013; Chondrogianni et al., 2014; Raynes
et al., 2016). Natively folded proteins can be efficiently
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degraded by the ATP-and ubiquitin-dependent 26S pro-
teasome, a system comprising a 20S core and a regulatory
19S particle bound to either side of the core (Chondrogi-
anni et al., 2014). The ATP- and ubiquitin-independent
20S proteasomal system is considered the main degrada-
tion pathway for oxidatively damaged proteins as unlike
native proteins, oxidised proteins are not ubiquinated
(Kastle et al., 2012). An increase in ubiquinated proteins
following oxidative stress has been linked to a faster turn-
over of some key proteins required by cells to handle the
oxidised proteins (Késtle et al., 2012).

The 20S proteasome is a cylindrical shaped protein
complex, made up of four rings, containing seven subu-
nits each (Jung and Grune, 2013). The first and fourth rings
contain o subunits, while the second and third contain
B subunits. Thus, the proteasome has the ring structure
o, B, B, and o (Jung and Grune, 2013). Substrate binding
is mediated by the two outermost o rings and main pro-
teolytic chamber is between the two B rings (Pickering
and Davies, 2012; Jung and Grune, 2013). Recently, it was
found that the molecular chaperone heat shock protein 70
(Hsp70) is induced following protein oxidation and forms
a substrate with the oxidised protein that promotes the
removal of oxidised proteins by the 20S proteasome (Reeg
and Grune, 2015; Reeg et al., 2016). However, the 20S
system is limited by its requirement for protein unfolding
and exposed hydrophobic surface structures to stick to the
o binding domain (Pickering and Davies, 2012). As a result,
only mildly oxidised proteins can be degraded by the pro-
teasome. The proteasome can also be inhibited by highly
oxidised, covalently cross-linked protein aggregates (Sitte
et al., 2000). Lipofuscin, a protein aggregate and hallmark
of ageing, is made up of an oxidised and cross-linked core
with surface hydrophobic oligopeptides that allow the o
domain of the 20S proteasome to bind (Sitte et al., 2000).
Despite this binding, degradation is inhibited due steric
hindrance caused by the cross-linked core and the multi-
ple unsuccessful attempts reduce the overall proteolytic
capacity of the proteasome (Hohn et al., 2011). The vulner-
abilities and limitations of the proteasome highlight the
necessity of multiple proteolytic pathways.

One such alternative route of protein degradation is
the lysosomal pathway. Lysosomes are cytoplasmic mem-
brane bound organelles containing acidic hydrolases,
including proteases, nucleases and lipases (Settembre
etal., 2013). Lysosomal proteases are able to degrade more
highly oxidised proteins than the proteasome (Hohn et al.,
2011; Kang et al., 2011). In addition, autophagy is also
responsible for the removal of a wider range of cellular
subunits including lipids, DNA, RNA, extracellular mate-
rial and entire organelles (Hohn et al., 2013). The method
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by which these subunits are delivered to the lysosome
gives rise to the three major types of autophagy; macro-
autophagy, microautophagy and chaperone-mediated
autophagy. For a detailed review of these pathways and
their molecular components please see (Hohn et al., 2013;
Navarro-Yepes et al., 2014). Of these cellular digestive
mechanisms, macroautophagy is the best characterised
and is utilised to selectively degrade organelles such as
mitochondria (mitophagy), peroxisomes (pexophagy) and
ribosomes (ribophagy) (Hubbard et al., 2012). Decreases in
lysosomal proteolysis that occur naturally during ageing
have been associated with the accumulation of oxidised
proteins and lipofuscin (Lynch and Bi, 2003).

Though the two systems are able to operate indepen-
dently, there is some interplay between them. Protea-
somal inhibition results in the upregulation of autophagy
(Chondrogianni et al., 2014). At present, research into the
complementary actions of the two systems has focused on
the 26S proteasome (Liebl and Hoppe, 2016). However, a
specific understanding of how the 20S proteasome and
lysosome interact when degrading oxidised proteins has
not been developed.

The stability of the lysosomal membrane is a key
factor in determining cell survival (Johansson et al., 2010).
Lipid peroxidation from ROS can destabilise the lysosomal
membrane resulting in proton leakage and an increase in
lysosomal pH (Johansson et al., 2010). Oxidised proteins
can also cause lysosomal membrane permeabilisation,
increase lysosomal pH, and trigger a cascade of pro-apop-
totic events (Dunlop et al., 2011). A very important study
recently identified Apolipoprotein D (ApoD), an extra-
cellular lipid-binding lipoprotein, as having a lysosomal
membrane stabilising function (Pascua-Maestro et al.,
2017). ApoD can reduce radical-propagating lipid hydrop-
eroxides (Bhatia et al., 2012) and was shown to be endocy-
tosed and to inhibit lysosomal lipid peroxidation in vitro
(Pascua-Maestro et al., 2017). The authors suggested that
ApoD could play an important role in the brain by protect-
ing neurones against oxidative damage and could have
important implications in neurodegenerative disorders
(Pascua-Maestro et al., 2017).

ER-specific proteolysis

The precise degradation pathway of oxidised proteins in
the ER has not yet been elicited but since oxidised proteins
can be generated in the ER, the unique ER-specific mecha-
nism to maintain proteostasis, termed ER-associated degra-
dation (ERAD) is likely to be relevant to oxidised proteins.
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As the organelle responsible for cellular protein folding
and disulfide bond formation, the ER is a highly oxidising
environment (Perri et al., 2016). The formation of disulfide
bonds in the ER leads to the production of oxidants, inher-
ently linking the ER and oxidative stress (Chakravarthi et al.,
2006; Baker et al., 2008; Hudson and Pagliassotti, 2015).
Oxidative stress and its corresponding oxidative protein
modifications fall under the umbrella term ER stress which
can also be caused by mutations, nutrient deprivation or
viral infection among other things (Pluquet et al., 2015).

The lumen of the ER is an oxidative environment, criti-
cal for formation of disulfide bonds and proper folding of
proteins (Perri et al., 2016). A certain amount of basal
protein misfolding occurs in the ER which is generally cor-
rected by retrograde transport of misfolded proteins into the
cytosol for proteasome-dependent degradation (Xu et al.,
2005). Disturbances in the normal functions of the ER can
increase the amount of unfolded proteins, triggering the
unfolded protein response (UPR). Unfolded or misfolded
proteins resulting from ER stress are handled by a unique
ER-specific mechanism termed ER-associated degrada-
tion (ERAD) (Pluquet et al., 2015). The precise degradation
pathway of oxidised proteins in the ER has not yet been elic-
ited but they could also be handled by ERAD. While ERAD
is able to transport proteins to the cytosol for proteasomal
or lysosomal degradation, the unfolded protein response
(UPR) is the main quality control system in the ER. The
UPR restores ER proteostasis using three transmembrane
proteins: protein kinase R-like ER kinase (PERK), inositol-
requiring enzyme 1o (IRElo) and activating transcription
factor-6 (ATF6). Together these three arms of the UPR acti-
vate transcription factors encoding quality control proteins
to reduce protein synthesis and upregulate degradation
machinery such as the antioxidant pathway Nrf2 (Hudson
and Pagliassotti, 2015; Pluquet et al., 2015). Future research
into oxidised protein metabolism by the UPR may focus on
the effect of specific oxidised proteins on each transmem-
brane protein. For example, a recent study of ER stress
caused by advanced oxidation protein products (AOPPs) in
human proximal tubular cells (HK-2) cells, a chronic kidney
disease model, found that the ATF6 pathway of UPR helped
reduce AOPP-induced hypertrophy and epithelial to mesen-
chymal transition (Tang et al., 2015).

Removal of oxidised proteins from
the mitochondria

The mitochondrial electron transport chain produces
ROS as a by-product of respiration (Zorov et al., 2014).
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Consequently, mitochondrial proteins, especially those
in the protein-rich inner membrane, are primary targets
for oxidative damage and mitochondria require well-
developed primary and secondary defences (Gerdes et al.,
2012; Hamon et al., 2015). Since the mitochondria do not
contain proteasomes, ATP-dependent AAA+ proteases are
responsible for maintaining mitochondrial proteostasis
(Bayot et al., 2010; Gerdes et al., 2012). AAA+ proteases are
part of a superfamily of hexameric proteins containing a
conserved P-loop ATPase Walker motif and a metallopro-
tease domain with a HExxH motif for proteolysis (Gerdes
et al., 2012). The Lon and Clp protease families located in
the mitochondrial matrix are responsible for the bulk of
oxidised protein removal (Lionaki and Tavernarakis, 2013;
Hamon et al., 2015). Like the 20S proteasome, the Lon pro-
tease selectively degrades mildly oxidised hydrophobic
substrates and is unable to degrade aggregated severely
oxidised substrates (Baker et al., 2011). Lon knockdown in
yeastand human HeLa cellsled to an increase in mitochon-
drial ROS and the accumulation of carbonylated proteins
(Bayot et al., 2014). In a mouse model of pressure overload
heart failure, where ATP-dependent proteolytic activity is
reduced due to the oxidation of AAA+ proteases, impair-
ment of the Lon homologue LONP1 also led to an increase
in the production of ROS and carbonylated proteins in
the mitochondria (Hoshino et al., 2014). This suggests a
vicious cycle where protease dysfunction is associated
with the increased oxidative stress and accumulation of
oxidatively damaged proteins that occur in heart failure
(Wang and Robbins, 2006). In another unfortunate knock-
on effect, a decrease in yeast Lon homologue Pim1-medi-
ated proteolysis caused by ageing resulted in elevated
levels of oxidised and aggregated protein in the cytosol,
leading to proteasome inhibition (Erjavec et al., 2013).

A novel degradation pathway for more extensively
oxidised proteins in the mitochondria has emerged more
recently. This selective removal of proteins is mediated
by small mitochondrial-derived vesicles (MDVs) that
transport their cargo to the lysosome (Soubannier et al.,
2012a). When first observed in 2008, MDVs were shown
to form independently of dynamin-mediated mitochon-
drial fission and autophagy (Neuspiel et al., 2008). The
absence of the requirement for GTPase dynamin Drpl
protein suggested a more complex mechanism for MDV
formation and recent literature contributed greatly to our
understanding of MDVs. One of the most important find-
ings has been that MDVs are produced upon exposure to
mitochondrial stressors such as oxidative stress and are
highly selective for oxidised proteins (Soubannier et al.,
2012b). It has been suggested that conformational changes
caused by oxidation allow protein targets to be identified
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for incorporation into MDVs. Soubannier et al. observed
that subunits of Complexes II, III, and IV are differen-
tially incorporated into the vesicles, whereas proteins of
complex I and ATP synthase are excluded (Soubannier
et al., 2012b). The reasoning behind this additional selec-
tivity is still not understood, although size differences
and stress-specific protein removal have been suggested
(Hammerling and Gustafsson, 2014). The discovery
that MDV formation requires the presence PINK1 and
Parkin has been another important recent development
(McLelland et al., 2014). Both proteins are also involved
in traditional mitophagy; however, the pathway used in
MDV formation is independent of this as it occurs in the
absence of the autophagy-related genes ATG5, Rab9 and
Beclin (Soubannier et al., 2012a; McLelland et al., 2014).
Unlike mitophagy, which is preceded by global cellular
depolarisation and kinetically slower, MDVs are gener-
ated at an early stage of ROS production (McLelland et al.,
2014). This may indicate that MDVs allow damaged oxi-
dised proteins to be removed before the entire organelle is
compromised (Ni et al., 2015). Cadete et al. have identified
MDVs in cultured cardioblasts following treatment with
antimycin-A and H,0, and visualised MDVs in vivo in mice
using transmission electron microscopy, electron tomog-
raphy and immunogold staining (Cadete et al., 2015). The
presence of MDVs in cardiac tissues may suggest that they
are utilised in cell types that are highly dependent on a
healthy mitochondrial network to meet energy demands
and where the removal of larger, unspecific portions of
mitochondria would be an unsuitable method of metabo-
lising oxidised proteins (Roberts et al., 2016). Though the
exact mechanisms of MDV biogenesis and how oxidised
cargo are transported to the lysosome for degradation are
still unknown, a major breakthrough has been made by
the McClelland lab with the identification of the SNARE
protein syntaxin-17 in MDVs (McLelland et al., 2016).
SNARE proteins mediate membrane fusion events and
are utilised by MDVs to fuse with lysosomes (McLelland
et al., 2016). With this development and further studies
the exact mechanisms by which MDVs remove oxidised
mitochondrial components may be elucidated.

Removal of oxidised proteins
from peroxisomes

Peroxisomes are vital cellular organelles that perform a
variety of metabolic reactions using enzyme (Antonenkov
et al., 2010). Primarily, they are responsible for the
metabolism of substrates including long chain fatty acids

DE GRUYTER

by an oxidative reaction that produces H,0, (Antonenkov
et al., 2010). Peroxisome quality control is an area that
has recently come under investigation as redox imbal-
ance during the cellular metabolism of hydrogen peroxide
(H,0,) can make the organelle a major producer of ROS
and hence the generation of oxidised proteins (Antonen-
kov et al., 2010). Although morphologically similar to
lysosomes, quality control in peroxisomes more closely
resembles that of mitochondria. Peroxisomes contain a
specific Lon isoform known as peroxisomal Lon peptidase
(LONP2) thatis involved in the maintenance of proteostasis
(Bartoszewska et al., 2012; Nordgren and Fransen, 2014).
PLN is a homologue of peroxisomal Lon and in Penicillium
chrysogenum digests unfolded protein substrates such as
oxidatively damaged catalase-peroxidase. PLN deletion
strain peroxisomes contained protein aggregates, includ-
ing catalase-peroxidase aggregates (Bartoszewska et al.,
2012). Without H,0, pre-treatment to induce oxidative
damage, catalase-peroxidase was resistant to proteolysis
by Lon while following exposure to low concentrations
significant catalase degradation was observed. Therefore,
oxidatively misfolded catalase-peroxidase is a good sub-
strate for peroxisome-specific Lon, but not its native coun-
terpart (Bartoszewska et al., 2012; Pomatto et al., 2016).

Oxidised extracellular matrix
proteins

Extracellular matrix (ECM) proteins such as collagen and
elastin as well as ECM glycoproteins and proteoglycans
are also subject to oxidative modifications from oxidants
generated on the plasma membrane or extracellularly
(Kennett et al., 2011; Chuang et al., 2014). There is evi-
dence that the extracellular compartment in many biologi-
cal tissues is poorly equipped with antioxidants compared
to the intracellular domain and this, coupled with a high
number of long-lived proteins, can result in the accumula-
tion of oxidised proteins within the ECM (Kennett et al.,
2011; Chuang et al., 2014). Much of the more recent work in
this area has been performed in the context of ageing and
often specifically in relation to skin ageing. For example,
in skin biopsies from mice, levels of AGEs increased with
age but protein carbonylation was unchanged (Nowotny
and Grune, 2014). Collagen is the most abundant protein
in ECM of the skin and has low turnover rates so might
be more susceptible to oxidative damage (Nowotny and
Grune, 2014). In vitro studies showed that while colla-
genase was able to degrade oxidised and AGE-modified
collagen more efficiently than native collagen, once
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collagen became heavily cross-linked it was resistant
to proteolytic degradation (Nowotny and Grune, 2014).
Photoaged skin is also characterised by the deposition
of abnormal elastin and changes to glycosaminoglycan
(GAG) structure (Kammeyer and Luiten, 2015). Damage
to elastin can occur directly due to a combination of UV-
or ROS-induced changes (Kammeyer and Luiten, 2015).
Oxidative damage to skin can also result in increased
activity of elastases and collagenases due to activation
of macrophages, neutrophils and fibroblasts resulting
in a faster turnover of these ECM proteins (Kammeyer
and Luiten, 2015). ECM oxidation can have a profound
effect on cell behaviour and can influence factors such
as adhesion, proliferation and can stimulate the release
of a range of proteolytic enzymes (Kennett et al., 2011).
Repetitive irradiation with UVB resulted in loss of the
GAG hyaluronic acid (HA) from murine dermis (Dai et al.,
2007). This was found to be due in part to downregulation
of HA synthetase enzymes (Dai et al., 2007). The turnover
of extracellular proteins was directly examined in an in
vitro culture system utilising rat primary microglial cells
(Stolzing et al., 2002). The activated microglial cells were
able to endocytose and degrade oxidised extracellular pro-
teins (laminin and myelin basic protein) utilising mainly
lysosomal proteases however based on inhibitor studies
around 25% of the degradation was attributable to the
proteasome (Stolzing et al., 2002). Again, the efficiency of
degradation of oxidised proteins decreased when proteins
became more highly oxidised and able to form cross-links
(Stolzing et al., 2002).

Damage to proteolytic pathways
in ageing and disease

As discussed earlier, highly oxidised protein-containing
aggregates such as lipofuscin can inhibit the activity of the
proteasome, a phenomenon that occurs during the ageing
process (Hohn et al., 2013). Aggregated, oxidised proteins
are recognised as a hallmark of ageing (Hohn et al., 2013).
Recently deficiencies in the ability of the 20S proteasome
to respond to oxidative stress have been observed in aged
Caenorhabitis elegans due to a defect in the Nrf2 homolog
SKN-1 (Raynes et al., 2017). An emerging area of research
is the autophagic degradation of damaged proteasomes
and the material they contain, dubbed proteaphagy
(Hoeller and Dikic, 2016). This occurs in response to
non-degradable oxidatively damaged proteins that are
often linked to pathological conditions such as neuro-
degenerative disease and stroke (Dasuri et al., 2013).
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While proteasomal inhibition and oxidative stress have
been identified as precursors to proteaphagy, at present,
studies into the degradation of the 20S proteasome are
limited. The mechanism of proteophagy is still not fully
understood but it has been suggested that in the case of
the 26S proteasome ubiquitination of the entire proteas-
ome is involved (Khaminets et al., 2016). This complemen-
tary relationship between the two primary degradative
systems was confirmed when disabled Arabidopsis pro-
teasomes were selectively ubiquinitated and removed via
autophagy (Marshall et al., 2015). It has also been shown
that when the proteasome undergoes ubiquitination, it is
subunit- and site-specific and mediated by the autophagy
scavenger protein complex nucleoporin p62 (p62) (Cohen-
Kaplan et al., 2016). Furthermore, the proteasome subunit
RPN10 acts as a specific receptor for 26S degradation
(Marshall et al., 2015; Wen and Klionsky, 2016). Future
research will expand our knowledge of the conditions
responsible for the onset of this phenomenon and the
mechanisms involved. At present, research into the cross-
talk between the proteasomal and autophagic systems has
not explored the 20S proteasome. More research into the
specific removal of the 20S proteasome when its proteo-
lytic capacity is compromised is required. Furthermore, an
understanding of the overall proteaphagic mechanisms
that take place in response to oxidised proteins will give
new insights into their metabolism.

Ageing, cancer, metabolic syndromes, cellular senes-
cence and chronic oxidative stress conditions have also
been associated with a decrease in mitochondrial protease
activity (Ngo et al., 2013; Quiros et al., 2015). One of the
most significant findings of the last 5 years in research into
the Lon protease has been that this human stress protein
cannot be induced in senescent cells and Lon dysregula-
tion is accompanied by an increase in the amount of oxi-
dised carbonyl-containing proteins (Ngo et al., 2011). As
discussed previously deletion of Pim1 in yeast led directly
to accelerated ageing and proteasome inhibition, meas-
ured by a decline in proteasome peptidase activity (Erjavec
et al., 2013). Conversely, an additional link between these
systems has been found in ischemic mouse cardiac mito-
chondria and proteasomes where mitochondrial oxidative
damage following reperfusion injury caused an increase
in proteasome substrate specificity for damaged mito-
chondrial proteins (Lau et al., 2012). The mechanisms
behind these differing effects of oxidised protein aggre-
gates on proteolytic systems and the overall importance
of these responses are still not understood and whether
these effects are purely pathological or serve a cellular
function have not yet been clarified. Erjavec et al. suggests
that proteolytic machinery between organelles may be
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more connected than our current understanding allows
and that proteasome inhibition caused by a decline in an
AAA+ protease may act as a signal for autophagic degra-
dation of deficient mitochondria (Erjavec et al., 2013).

Conclusions

Oxidised proteins are an inevitable by-product of cellular
metabolism which continually generates reactive species.
The cellular location of the damaged proteins and the
extent of oxidation determine firstly if the modification
can be reversed, and if not, which proteolytic systems
facilitate their degradation and removal. While in most
cases the defence systems can successfully recognise and
degrade oxidised proteins and restore proteostasis, their
removal can be inefficient in ageing and in certain patho-
logical conditions.

The inability of cells to remove damaged proteins
from the ER for a prolonged period of time triggers an
apoptotic cell death pathway (Hiramatsu et al., 2015; Song
et al., 2017). A similar observation was made in vitro when
cells were exposed to high levels of oxidised amino acids
to generate oxidised proteins (Dunlop et al., 2008) sug-
gesting that oxidised proteins can also trigger apoptotic
cell death in a similar way. In the case of highly oxidised
proteins, additional strategies may be required for their
degradation. This often involves interplay and commu-
nication between different proteolytic pathways. This
interplay and the mechanisms utilised to degrade oxida-
tively damaged organelles themselves are an important
and emerging area of research that will further our overall
understanding of the metabolism of oxidised proteins and
the roles they play in ageing and various disease states.

Generally, complete proteolysis releases the con-
stituent amino acids from proteins for use in the synthe-
sis of new proteins. The fate of the oxidised amino acids
released from proteolysis of oxidised proteins is unclear.
In some cases oxidised amino acids that are close struc-
tural analogues of the parent ‘protein’ or canonical amino
acid and can be mistakenly incorporated into proteins by
protein synthesis (Rodgers and Dean, 2000; Rodgers et al.,
2002; Rodgers and Shiozawa, 2008; Dunlop et al., 2009).
We suggest that this could create a vicious cycle where
chemical oxidation of proteins in vivo generates oxidised
amino acid residues that are subsequently released by
proteolysis and utilised in the synthesis of new proteins.
The cycle could terminate when the oxidised amino acid is
present in a cross-linked protein aggregate that cannot be
degraded by the proteolytic machinery of the cell.
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