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Oxidized Proteins As a Biomarker of
Oxidative Stress in Aging and Diseases
Yaslanma ve Hastaliklarda
Oksidatif Stres Biyomarkorii Olarak
Okside Proteinlerin Roli

ABSTRACT Oxidative stress is an inevitable process of the aerobic life. Among the effects of oxi-
dative stress, protein oxidation takes an important place because of the high protein abundance in
the organism. The degradation of non-functional, oxidized proteins is an essential function of in-
tra- and extracellular proteolytic systems. However, severely oxidized proteins are poor substrates
for degradation and may accumulate. This process of accumulation of oxidized, cross-linked prote-
in material is involved in the physiology and pathophysiology of aging and many diseases.
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OZET Oksidatif stres, giinlitk yasamda oksijenli solunumun kaginilmaz sonuclarindandir. Oksida-
tif stresin etkileri arasinda protein oksidasyonu, organizmadaki yiiksek protein oranindan dolayi,
6nemli yer almaktadir. Fonksiyonel olmayan, okside proteinlerin degradasyonu intra ve ekstrase-
liller proteolitik sistemlerin 6nemli bir fonksiyonudur. Bununla birlikte, agir derecede okside olan
proteinler degradasyon i¢in zayif substratlardir ve akiimiile olabilirler. Bu okside ve kovalent bag-
L1 protein materyalinin akiimiilasyonu siireci, yaglanma ve bir¢ok hastaligin fizyolojisi ve patofiz-
yolojisinde rol oynamaktadar.

Anahtar Kelimeler: Oksidatif stress; yaslanma
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ncreased formation of free radicals and other oxidants leads to cellular damage

involving the oxidation of biomolecules. Proteins are recognized as the main

structures in the cells and tissues and are, therefore, potentially major targets for
oxidative damage in addition to DNA and lipids.' Reactions of free radicals with
proteins leads to the formation of different characteristical products and subsequ-
ently loss of function. The degradation of non-functional, oxidized proteins is an es-
sential part of the antioxidant defense in the cells.? Experimantal evidence from
several studies shows that many of the alterations during aging and the progressi-
on of certain diseases are the result of the occurence of protein oxidation products
and decrease in the degradation of oxidized proteins.?

I OXIDATIVE MODIFICATIONS OF PROTEINS

Protein oxidation is often mediated by free radicals, usually in a site specific man-
ner.® As biomarkers of protein oxidative damage, both the oxidation of the amino
acid residue side chains and the oxidation of peptide backbones have been studied
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by different laboratories. Amino acid side chains are
known to be the primary sites of free radical damage.*
Several products are formed during the oxidation of the
residues. Especially cysteine and methionine residues are
even under mild conditions susceptible to many reacti-
ve oxygen species (ROS). Direct oxidation of lysine, ar-
ginine, proline and threonine residues may produce
carbonyl derivatives. Carbonyl groups are most com-
monly used markers of protein oxidation, which are tho-
ught to be main products.>® However, carbonyl groups
are generally used in the quantification of protein oxi-
dation because of the relative early formation and the
stability of carbonylated proteins and therefore deter-
mined in the tissues and cells during a number of disea-
ses and aging.®For this purpose several sensitive methods
have been developed to determine and quantify protein
carbonyls.

In addition to modification of amino acid side cha-
ins, oxidation reactions can also lead to the formation of
protein cross-links and protein fragmentation as a result
of protein backbone oxidation.>*>*!° Fragmentation is
the result of the cleavage of the peptide bond by either
the diamide or a-amidation pathways. Fragments can be
derived from the N-terminal or C-terminal side. The a-
hydrogen atom of an amino acid residue is abstracted
from the polypeptide backbone to form a carbon-cente-
red radical.! The carbon centered radical may react with
another carbon-centered radical to form a protein-pro-
tein cross-linked derivative.” One of the most thoro-
ughly investigated cross-links is the formation of a
2,2’-biphenyl cross-link by two tyrosyl radicals.'? As a
consequence of cross-link formation, insoluble protein
aggregates can be fromed. Besides covalent cross-linking
a large part of protein aggregation is due to hydrophobic
and electrostatic interactions.'®'® The accumulation of
the large aggregates are known to be often toxic to cells
and poor substrates for proteases, which results in their
accumulation within cells.! This aggregate accumulati-
on has been reported for many experimental models, as

measured by several markers for protein oxidation.*!

Damage to proteins can occur by direct attack of re-
active species or by secondary damage involving attack
by products of lipid peroxidation, such as isoketals, MDA
(malondialdehyde) and HNE (4-hydroxynonenal). Pro-
teins can also be damaged by glycation/glyoxidation.!
These secondary reactions with products resulting from
oxidation of non-protein cellular constituents are in part
responsible for the introduction of carbonyl groups into
the protein pool.?

S142

OXIDIZED PROTEINS AS A BIOMARKER OF OXIDATIVE STRESS IN AGING AND DISEASES

Some protein damage is reversible, such as peroxi-
redoxin inactivation, methionine sulphoxide formation,
s-nitrosylation. Other damage, for example oxidation of
side-chains to carbonyl residues, appears ireversible and
the protein is destroyed and replaced.’

ANTIOXIDATIVE MECHANISM AGAINST
PROTEIN OXIDATION

In the cellular defence, intracellular oxidation products
formed are either repaired or removed.* For the most
part, oxidatively modified proteins are not repaired and
must be removed by proteolytic degradation.® The deg-
radation of abnormal, oxidized and unfolded proteins is
a physiological process required to maintain normal cel-
lular function.'® Therefore, cells have developed highly
regulated intracellular proteolytic systems responsible
for the removal of such non-functional proteins before

410 whereas disulfide bonds and

they begin to aggregate,
methionine sulfoxides can be repaired enzymatically by
thioredoxin/thioredoxin reductase system, protein disul-
fide isomerase and methionine sulfoxide reductases.'*
Cells also contain a number of proteins such as shock or
stress proteins with the ability to reconstitute the terti-

ary structure of oxidized proteins.>'*

Mammalian cells include several pathways for ge-
neral protein breakdown comprises membrane protea-
ses, lysosomal cathepsins, mitochondrial proteases
(including the lon protease), calpains, caspases, and the
proteasomal system.>'* Several intracellular proteins, fo-
reign proteins from outside and proteins from various
organelles are degraded within lysosomes.> However, in
oxidative stress conditions, proteasomes play the major
role in the protein turnover of the cells.>*!'* Beside pro-
tein degradation also several vital cellular functions in-
cluding cell differentiation, cell cycle dependent cyclin
turnover, cell division, antigen processing and NF-«xB ac-
tivation have been shown to require the action of the
proteasome.'¢1”

For understanding of cellular protein maintenance
the distribution of the proteasomes in the cell and their
response upon oxidative stress is of great interest.” The
proteasome, known to be localized in the cytosol and in
the nuclei of mammalian cells and furthermore attached
to the endoplasmic reticulum and the cell membrane, is
mainly composed of 20S core proteasome and various re-
gulatory components like 19S (PA700) and 11S
(PA28).'518 Binding of 11S and 19S on the core protea-
some influences the activity of 20S proteasome.’ Howe-
ver, it is generally believed that ATP and ubiquitin
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independent degradation of 20S proteasome core comp-
lex is sufficient for degradation of oxidized proteins.!*%
The 20S proteasome is composed of 28 subunits and the-
se subunits form a cylindrical particle of four rings. The
protein substrates enter the cylinder via the opening the
outer rings and are cleaved on the carboxyl side of basic,
hydrophobic and acidic amino acids (trypsin like-,
chymotrypsin like-, and peptidylglutamyl-peptide-
hydrolase activity).? The 26S proteasome complex is for-
med by binding the two 19S regulators on both side of
the core and characterized by different substrate speci-
ficity and a selective degradation process which is ATP
and ubiquitin dependent.’

To examine the nuclear maintenance, several studi-
es focused on the role of the proteasomal degradation in
the nuclei*?"**and it was suggested that the nuclear pro-
teasome selectively degrades oxidatively damaged pro-
teins in the nucleus.>®!*® The results also showed that
following oxidative stress in the nucleus, the PARP is ac-
tivated and the activated PARP is able to increase the
nuclear proteasome activity that facilitates selective deg-
radation of oxidatively damaged histones.?"

Several experimental procedures show the neces-
sity of proteasome in proteolytic degradation of oxidi-
zed proteins.!3?*26 The importance of proteasome was
confirmed by proteasome immunoprecipitation, anti-
sense treatment and inhibitor treatments which cause a
dramatic decrease in the ability of cell lysates to degra-
de oxidized proteins.?*? These studies indicate that the
proteasome is responsible for about 70-80% of protein
degradation after oxidant exposure.

It has been shown that the proteasomal degradati-
on increases following mild oxidation of the substrate,
whereas severe oxidative damage causes decrease in the
proteasomal activity.?*? The strong correlation between
the increase of proteolytic susceptibility and the amount
of oxidant at moderate oxidant concentrations is due to
a permanent increase in the hydrophobicity of the pro-
tein substrate following oxidation.'?? It is suggested that
oxidation of proteins cause an exposure of hydrophobic
moieties from the protein core to the surface. Since it
was shown that the proteasome has a preference to bind
hydrophobic and aromatic amino acids, the recognition
of these hydrophobic unfolded patches by the proteaso-
me was proposed. It was demonstrated that a further oxi-
dation causes a decrease in proteasomal proteolytic
susceptibility due to protein aggregation and cross-lin-
king. These aggregates are thought to inhibit proteasome
activity by clogging up the outer ring of proteasomal
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cylinder. At this point, it can be concluded that the re-
moval of minimally oxidized proteins is an essential
function for maintaining cellular homeostasis and to pre-
vent the accumulation of highly oxidized and cross-lin-
ked proteins, which are no longer degradable.??

I PROTEIN OXIDATION IN AGING AND DISEASES

Protein oxidation may be a biomarker of numerous dise-
ases and aging in several ways. The biomedical literatu-
re is full of claims that reactive species are involved in
human diseases. Some diseases are probably caused by
oxidative stress. However, in most diseases, oxidative
stress is a consequence and not a cause. Oxidative stress
and protein oxidation contributes to tissue injury in so-
me diseases, so that therapeutic intervention with anti-
oxidants should be beneficial, provided that the agents
used actually do decrease the oxidative damage.”

Reactive species can be a cause or a consequence of
cancer and also in the chemotherapy nuclear defence
was hypothesized to be strong with high proteasome ac-
tivity in the nucleus against the oxidative nucleoprote-
in damage caused by chemotherapeutic drugs. Recently
it was shown that the rapid activation of 20S proteasome
in response to oxidative stress is accompanied by the
poly (ADP-ribosyl)ation.” Also a PARP-1 independent
mechanism of nuclear proteasome activation after glyo-
xal treatment was demonstrated.*® This was based on
partially higher proteasome content in nucleus.

Recently, aging studies related to oxidative stress
are of great interest. The free radical theory of aging was
introduced in 1956 by Denham Harman, who proposed
that ageing results from random deleterious damage to
tissues by free radicals.”” Measurements of biomarkers in
humans and other animals suggest that oxidative dama-
ge increase with age. Indeed both lon proteinase and
proteasome activities decline with age in some animal
tissues especially in brain. In mice the decline in Lon in
liver was associated with increased levels of oxidized mi-
tochondrial proteins, including aconitase.?'? Methioni-
ne sulphoxide reductase was also shown to be important
by increasing the lifespan with overexpression in Dro-
sophila.®® As an interesting aside, an age related increa-
se in the protein carbonyl content was found in rat
hepatocytes,* human brain,® human red blood cells®*
and eye lens.*” One of the highlights put forward to sup-
port the free radical theory of aging was the presence of
age pigments such as lipofuscin, ceroid or AGE-pigment
like fluorophores. Lipofuscin is thought to be conjugates
of MDA and protein thiol groups deduced from the flu-
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orescence character® and it was recently shown by seve-
ral groups that the presence of such material influences
the proteasomal activity.® *° These aggregated cross-lin-
ked material will be autophagozytosed resulting in a ma-
jor accumulation of this material in lysosomes. The
observed age-related accumulation of oxidized cross-lin-
ked material may be the result of both increased prote-
in oxidation followed by aggregation and/or decline
protein breakdown and a malfunction of the proteaso-
mal system.?

Specifically human skin undergoes an aging pro-
cess, which is characterized by a loss of elasticity and
wrinkle formation. These symptoms of skin aging are ca-
used by intracellular changes and an enhanced degrada-
tion of collagen fibers. For example the activity of
collagen degrading matrix metalloproteinases is increa-
sed in skin aging and photoaging caused by UV exposu-
re. Photoaging is a growing problem recently which
many studies are focused on. Activation of MMP exp-
ression after UVA irradiation was shown to be mediated
by singlet oxygen formation.*** Also the increase in
matrix metalloproteinase and collagen degradation was
seen to be in correlation with protein oxidation and pro-
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teasomal degradation in the ongoing study in our labo-
ratory.

I CONCLUSION

The available literature suggest that free radical forma-
tion is the most abundant case studied in human disea-
ses and aging. In the oxidative modifications of
biomolecules, protein oxidation takes an important pla-
ce. Although, proteolytic systems exist removing oxidi-
zed proteins, protein oxidation is an excellent biomarker
of oxidative stress due to the relative long half-life of
such oxidized proteins. Following severe oxidative stress,
the decrease in the proteolytic degradation and accu-
mulation of non-folded proteins may be the cause and/or
the consequence of many disorders and aging. All data
until now shows the importance of protein oxidation
and the functionality of the proteasomal system in the
lifespan and seem to be crucial for further studies in the
field.

Acknowledgements

B.C. is a Fellow of the The Scientific and Techno-
logical Research Council of Turkey.

I REFERENCES
Davies MJ. Singlet oxygen-mediated damage ~ 10. Davies KJ. Protein damage and degradation ~ 17. Ciechanover A. The ubiquitin-proteasome pro-
to proteins and its consequences. Biochem Bi- by oxygen radicals. . general aspects. J Biol teolytic pathway. Cell 1994;79:13-21.
ophys Res Commun 2003;305:761-70. Chem 1987;262:9895-901. 18. Rivett AJ. Intracellular distribution of prote-
Grune T. Oxidative stress, aging and the pro- ~ 11. Davies KJ, Delsignore ME. Protein damage asomes. Curr Opin Immunol 1998;10:110-
teasomal system. Biogerontology 2000;1:31- and degradation by oxygen radicals. Ill. Modi- 4,
40. fication of secondary and tertiary structure. J 19 Reinheckel T, Sitte N, Ulirich O, Kuckelkorn
Levine RL. Carbonyl modified proteins in cel- Biol Chem 1987;262:0908-13. U, Davies KJ, Grune T. Comparative resis-
lular regulation, aging, and disease. Free Ra-  12. Giulivi C, Pacifici RE, Davies KJ. Exposure of tance of the 20S and 26S proteasome to oxi-
dic Biol Med 2002;32:790-6. hydrophobic moieties promotes the selective dative stress. Biochem J 1998;335 ( Pt
Shringarpure R, Davies KJ. Protein turnover g:g]rgdla; t')?: [;) f ?hy:ﬁiﬁirzsgzot)i(cl;de:ontzng 3)'6?7'42'
by the proteasome in aging and disease. Fre- compl?ax protgasome Arch Bic))Iche’:n Biophys 20. Shringarpure R, Grune T, Mehihase J, Da-
e Radic Biol Med 2002;32:1084-9. o : vies KJ. Ubiquitin conjugation is not requi-
Berlett BS, Stadtman ER. Protein oxidation in 19943T1:329:41, red for the degradation of oxidized proteins
. - - . 13. Davies KJ, Lin SW, Pacifici RE. Protein dam- by proteasome. J Biol Chem 2003;278:311-
aging, disease, and oxidative stress. J Biol . )
Chem 1997:272:20313:6. age and Fiegradatmn by oxyggn rad!cals. V. 8.
’ , ) Degradation of denatured protein. J Biol Chem o1 yjirich O, Grune T. Proteasomal degradation
Deap RT, Fu'S, Stocker R, DaY|es M. !3'00' 1987;262:9914-20. of oxidatively damaged endogenous histones
hem|§try gnd .pathollogy of radical-mediated 14. Bader N, Grune T. Protein oxidation and pro- in K562 human leukemic cells. Free Radic Bi-
’;r:‘e;“ oxidation. Biochem J 1997,324 ( Pt teolysis. Biol Chem 2006;387:1351-5. ol Med 2001;31:887-03.
y1-18. o ) 15. Halliwell B, Gutteridge JMC. Cellular respon-  22. Merker K, Ullrich O, Schmidt H, Sitte N, Gru-
Stadtman ER. Protein oxidation and aging. ses to oxidative stress: adaptation, damage, ne T. Stability of the nuclear protein turnover
Science 1992;257:1220-4. repair, senescence and death. In: Free Radi- during cellular senescence of human fibrob-
Grune T, Reinheckel T, Davies KJ. Degrada- cals in Biology and Medicine. 4th ed. New lasts. FASEB J 2003;17:1963-5.
tion of oxidized proteins in mammalian cells. York: Oxford University Press; 2007.p.187- o3 Ujirich 0, Reinheckel T, Sitte N, Hass R, Gru-
FASEB J 1997;11:526-34. 267. ne T, Davies KJ. Poly-ADP ribose polymerase
Bader N, Jung T, Grune T. The proteasome ~ 16. Coux O, Tanaka K, Goldberg AL. Structure activates nuclear proteasome to degrade oxi-

and its role in nuclear protein maintenance.
Exp Gerontol 2007;42:864-70.

S144

and functions of the 20S and 26S proteaso-
mes. Annu Rev Biochem 1996;65:801-47.

datively damaged histones. Proc Natl Acad
Sci U S A 1999;96:6223-8.

Turkiye Klinikleri ] Med Sci 2008;28(Suppl)



OXIDIZED PROTEINS AS A BIOMARKER OF OXIDATIVE STRESS IN AGING AND DISEASES

24.

25.

26.

27.

28.

29.

30.

Grune T, Reinheckel T, Davies KJ. Degrada-
tion of oxidized proteins in K562 human he-
matopoietic cells by proteasome. J Biol Chem
1996;271:15504-9.

Grune T, Reinheckel T, Joshi M, Davies KJ.
Proteolysis in cultured liver epithelial cells dur-
ing oxidative stress. Role of the multicatalytic
proteinase complex, proteasome. J Biol Chem
1995;270:2344-51.

Pacifici RE, Salo DC, Davies KJ. Macroxypro-
teinase (M.O.P.): a 670 kDa proteinase com-
plex that degrades oxidatively denatured
proteins in red blood cells. Free Radic Biol
Med 1989;7:521-36.

Pacifici RE, Davies KJ. Protein degradation as
an index of oxidative stress. Methods Enzymol
1990;186:485-502.

Hough R, Pratt G, Rechsteiner M. Purification
of two high molecular weight proteases from
rabbit reticulocyte lysate. J Biol Chem
1987;262:8303-13.

Halliwell B, Gutteridge JMC. Reactive species
and disease: fact, fiction or filibuster? In: Free
Radicals in Biology and Medicine. 4th ed. New
York: Oxford University Press; 2007. p.488-613.

Cervantes-Laurean D, Roberts MJ, Jacobson
EL, Jacobson MK. Nuclear proteasome acti-
vation and degradation of carboxymethylated
histones in human keratinocytes following gly-
oxal treatment. Free Radic Biol Med 2005;38:
786-95.

Turkiye Klinikleri ] Med Sci 2008;28(Suppl)

31.

32.

33.

34.

35.

36.

&)
~N

Friguet B. Oxidized protein degradation and
repair in ageing and oxidative stress. FEBS
Lett 2006;580:2910-6.

Zeng BY, Medhurst AD, Jackson M, Rose S,
Jenner P. Proteasomal activity in brain differs
between species and brain regions and chan-
ges with age. Mech Ageing Dev 2005;126:
760-6.

Orr WC, Mockett RJ, Benes JJ, Sohal RS. Ef-
fects of overexpression of copper-zinc and
manganese superoxide dismutases, catalase,
and thioredoxin reductase genes on longevity
in Drosophila melanogaster. J Biol Chem
2003;278:26418-22.

Stadtman ER, Levine RL. Free radical-media-
ted oxidation of free amino acids and amino
acid residues in proteins. Amino Acids
2003;25:207-18.

Smith CD, Carney JM, Starke-Reed PE, Oli-
ver CN, Stadtman ER, Floyd RA, et al. Ex-
cess brain protein oxidation and enzyme
dysfunction in normal aging and in Alzheimer
disease. Proc Natl Acad Sci U S A 1991;88:
10540-3.

Constantin A, Constantinescu E, Dumitrescu
M, Calin A, Popov D. Effects of ageing on car-
bonyl stress and antioxidant defense in RBCs
of obese Type 2 diabetic patients. J Cell Mol
Med 2005;9:683-91.

Argirova MD, Breipohl W. Glycated proteins
can enhance photooxidative stress in aged

38.

39.

40.

41.

42.

43.

Betiil GATALGOL et al

and diabetic lenses. Free Radic Res 2002;36:
1251-9.

Chowdhury PK, Halder M, Choudhury PK,
Kraus GA, Desai MJ, Armstrong DW, et al.
Generation of fluorescent adducts of malondi-
aldehyde and amino acids: toward an unders-
tanding of lipofuscin. Photochem Photobiol
2004;79:21-5.

Friguet B, Stadtman ER, Szweda LI. Modifi-
cation of glucose-6-phosphate dehydrogena-
se by 4-hydroxy-2-nonenal. Formation of
cross-linked protein that inhibits the multica-
talytic protease. J Biol Chem 1994;269:21639-
43.

Sitte N, Huber M, Grune T, Ladhoff A, Doec-
ke WD, Von Zglinicki T, et al. Proteasome in-
hibition by lipofuscin/ceroid during postmitotic
aging of fibroblasts. FASEB J 2000;14:1490-8.

Widmer R, Ziaja I, Grune T. Protein oxidation
and degradation during aging: role in skin
aging and neurodegeneration. Free Radic Res
2006;40:1259-68.

Wilaschek M, Briviba K, Stricklin GP, Sies H,
Scharffetter-Kochanek K. Singlet oxygen may
mediate the ultraviolet A-induced synthesis of
interstitial collagenase. J Invest Dermatol
1995;104:194-8.

Scharffetter-Kochanek K, Wlaschek M, Briviba
K, Sies H. Singlet oxygen induces collagena-
se expression in human skin fibroblasts. FEBS
Lett 1993;331:304-6.

S145



