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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.1 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.2 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.3

OXIDATIVE MODIFICATIONS OF PROTEINS

Protein oxidation is often mediated by free radicals, usually in a site specific man-
ner.3 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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tra- and ex tra cel lu lar pro te oly tic systems. Ho we ver, se ve rely oxi di zed pro te ins are po or subs tra tes
for deg ra da ti on and may ac cu mu la te. This pro cess of ac cu mu la ti on of oxi di zed, cross-lin ked pro te -
in ma te ri al is in vol ved in the physi o logy and pat hoph ysi o logy of aging and many di se a ses. 
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ÖÖZZEETT  Ok si da tif stres, gün lük ya şam da ok si jen li so lu nu mun ka çı nıl maz so nuç la rın dan dır. Ok si da -
tif stre sin et ki le ri ara sın da pro te in ok si das yo nu, or ga niz ma da ki yük sek pro te in ora nın dan do la yı,
önem li yer al mak ta dır. Fonk si yo nel ol ma yan, ok si de pro te in le rin deg ra das yo nu in tra ve eks tra se -
lü ler pro te o li tik sis tem le rin önem li bir fonk si yo nu dur. Bu nun la bir lik te, ağır de re ce de ok si de olan
pro te in ler deg ra das yon için za yıf subs trat lar dır ve akü mü le ola bi lir ler. Bu ok si de ve ko va lent bağ -
lı pro te in ma ter ya li nin akü mü las yo nu sü re ci, yaş lan ma ve bir çok has ta lı ğın fiz yo lo ji si ve pa to fiz -
yo lo ji sin de rol oy na mak ta dır. 
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by dif fe rent la bo ra to ri es.  Ami no acid si de cha ins are
known to be the pri mary si tes of fre e ra di cal da ma ge.4

Se ve ral pro ducts are for med du ring the oxi da ti on of the
re si du es. Es pe ci ally cyste i ne and met hi o ni ne re si du es are
even un der mild con di ti ons sus cep tib le to many re ac ti -
ve oxy gen spe ci es (ROS). Di rect oxi da ti on of lysi ne, ar-
gi ni ne, pro li ne and thre o ni ne re si du es may pro du ce
car bonyl de ri va ti ves. Car bonyl gro ups are most com-
monly used mar kers of pro te in oxi da ti on, which are tho -
ught to be ma in pro ducts.5-8 Ho we ver, car bonyl gro ups
are ge ne rally used in the qu an ti fi ca ti on of pro te in oxi -
da ti on be ca u se of the re la ti ve early for ma ti on and the
sta bi lity of car bony la ted pro te ins and the re fo re de ter -
mi ned in the tis su es and cells du ring a num ber of di se a -
ses and aging.3 For this pur po se se ve ral sen si ti ve met hods
ha ve be en de ve lo ped to de ter mi ne and qu an tify pro te in
car bonyls.5

In ad di ti on to mo di fi ca ti on of ami no acid si de cha-
ins, oxi da ti on re ac ti ons can al so le ad to the for ma ti on of
pro te in cross-links and pro te in frag men ta ti on as a re sult
of pro te in back bo ne oxi da ti on.2,4,5,9,10 Frag men ta ti on is
the re sult of the cle a va ge of the pep ti de bond by eit her
the di a mi de or α-ami da ti on path ways. Frag ments can be
de ri ved from the N-ter mi nal or C-ter mi nal si de. The α-
hydro gen atom of an ami no acid re si du e is abs trac ted
from the poly pep ti de back bo ne to form a car bon-cen te -
red ra di cal.11 The car bon cen te red ra di cal may re act with
anot her car bon-cen te red ra di cal to form a pro te in-pro -
te in cross-lin ked de ri va ti ve.5 One of the most tho ro -
ughly in ves ti ga ted cross-links is the for ma ti on of a
2,2’-bip henyl cross-link by two tyrosyl ra di cals.12 As a
con se qu en ce of cross-link for ma ti on, in so lub le pro te in
ag gre ga tes can be fro med. Be si des co va lent cross-lin king
a lar ge part of pro te in ag gre ga ti on is du e to hydrop ho bic
and elec tros ta tic in te rac ti ons.10,13 The ac cu mu la ti on of
the lar ge ag gre ga tes are known to be of ten to xic to cells
and po or subs tra tes for pro te a ses, which re sults in the ir
ac cu mu la ti on wit hin cells.14 This ag gre ga te ac cu mu la ti -
on has be en re por ted for many ex pe ri men tal mo dels, as
me a su red by se ve ral mar kers for pro te in oxi da ti on.4,10

Da ma ge to pro te ins can oc cur by di rect at tack of re-
ac ti ve spe ci es or by se con dary da ma ge in vol ving at tack
by pro ducts of li pid pe ro xi da ti on, such as iso ke tals, MDA
(ma lon di al dehy de) and HNE (4-hydroxy no ne nal). Pro-
te ins can al so be da ma ged by glyca ti on/glyo xi da ti on.15

The se se con dary re ac ti ons with pro ducts re sul ting from
oxi da ti on of non-pro te in cel lu lar cons ti tu ents are in part
res pon sib le for the in tro duc ti on of car bonyl gro ups in to
the pro te in po ol.2

So me pro te in da ma ge is re ver sib le, such as pe ro xi -
re do xin inac ti va ti on, met hi o ni ne sulp ho xi de for ma ti on,
s-nit rosy la ti on. Ot her da ma ge, for examp le oxi da ti on of
si de-cha ins to car bonyl re si du es, ap pe ars ire ver sib le and
the pro te in is des tro yed and rep la ced.15

AN TI O XI DA TI VE MEC HA NISM AGA INST
PRO TE IN OXI DA TI ON

In the cel lu lar de fen ce, in tra cel lu lar oxi da ti on pro ducts
for med are eit her re pa i red or re mo ved.14 For the most
part, oxi da ti vely mo di fi ed pro te ins are not re pa i red and
must be re mo ved by pro te oly tic deg ra da ti on.3 The deg-
ra da ti on of ab nor mal, oxi di zed and un fol ded pro te ins is
a physi o lo gi cal pro cess re qu i red to ma in ta in nor mal cel-
lu lar func ti on.9,16 The re fo re, cells ha ve de ve lo ped highly
re gu la ted in tra cel lu lar pro te oly tic systems res pon sib le
for the re mo val of such non-func ti o nal pro te ins be fo re
they be gin to ag gre ga te,4,10 whe re as di sul fi de bonds and
met hi o ni ne sul fo xi des can be re pa i red enz yma ti cally by
thi o re do xin/thi o re do xin re duc ta se system, pro te in di sul-
fi de iso me ra se and met hi o ni ne sul fo xi de re duc ta ses.14

Cells al so con ta in a num ber of pro te ins such as shock or
stress pro te ins with the abi lity to re cons ti tu te the ter ti -
ary struc tu re of oxi di zed pro te ins.2,14

Mam ma li an cells inc lu de se ve ral path ways for ge-
ne ral pro te in bre ak down com pri ses mem bra ne pro te a -
ses, lyso so mal cat hep sins, mi toc hon dri al pro te a ses
(inc lu ding the lon pro te a se), cal pa ins, cas pa ses, and the
pro te a so mal system.2,14 Se ve ral in tra cel lu lar pro te ins, fo-
re ign pro te ins from out si de and pro te ins from va ri o us
or ga nel les are deg ra ded wit hin lyso so mes.2 Ho we ver, in
oxi da ti ve stress con di ti ons, pro te a so mes play the ma jor
ro le in the pro te in tur no ver of the cells.2,9,14 Be si de pro-
te in deg ra da ti on al so se ve ral vi tal cel lu lar func ti ons in-
c lu ding cell dif fe ren ti a ti on, cell cycle de pen dent cyclin
tur no ver, cell di vi si on, an ti gen pro ces sing and NF-κB ac-
ti va ti on ha ve be en shown to re qu i re the ac ti on of the
pro te a so me.16,17

For un ders tan ding of cel lu lar pro te in ma in te nan ce
the dis tri bu ti on of the pro te a so mes in the cell and the ir
res pon se upon oxi da ti ve stress is of gre at in te rest.9 The
pro te a so me, known to be lo ca li zed in the cyto sol and in
the nuc le i of mam ma li an cells and furt her mo re at tac hed
to the en dop las mic re ti cu lum and the cell mem bra ne, is
ma inly com po sed of 20S co re pro te a so me and va ri o us re-
gu la tory com po nents li ke 19S (PA700) and 11S
(PA28).16,18 Bin ding of 11S and 19S on the co re pro te a -
so me inf lu en ces the ac ti vity of 20S pro te a so me.9 Ho we -
ver, it is ge ne rally be li e ved that ATP and ubi qu i tin
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in de pen dent deg ra da ti on of 20S pro te a so me co re comp -
lex is suf fi ci ent for deg ra da ti on of oxi di zed pro te ins.19,20

The 20S pro te a so me is com po sed of 28 su bu nits and the -
se su bu nits form a cylin dri cal par tic le of fo ur rings. The
pro te in subs tra tes en ter the cylin der vi a the ope ning the
ou ter rings and are cle a ved on the car boxyl si de of ba sic,
hydrop ho bic and aci dic ami no acids (trypsin li ke-,
chymotry psin li ke-, and pep tidyl glu tamyl-pep ti de-
hydro la se ac ti vity).2 The 26S pro te a so me comp lex is for-
med by bin ding the two 19S re gu la tors on both si de of
the co re and cha rac te ri zed by dif fe rent subs tra te spe ci -
fi city and a se lec ti ve deg ra da ti on pro cess which is ATP
and ubi qu i tin de pen dent.9

To exa mi ne the nuc le ar ma in te nan ce, se ve ral stu di -
es fo cu sed on the ro le of the pro te a so mal deg ra da ti on in
the nuc le i2,21,22 and it was sug ges ted that the nuc le ar pro-
te a so me se lec ti vely deg ra des oxi da ti vely da ma ged pro-
te ins in the nuc le us.2,9,14,23 The re sults al so sho wed that
fol lo wing oxi da ti ve stress in the nuc le us, the PARP is ac-
ti va ted and the ac ti va ted PARP is ab le to in cre a se the
nuc le ar pro te a so me ac ti vity that fa ci li ta tes se lec ti ve deg-
ra da ti on of oxi da ti vely da ma ged his to nes.21,23

Se ve ral ex pe ri men tal pro ce du res show the ne ces -
sity of pro te a so me in pro te oly tic deg ra da ti on of oxi di -
zed pro te ins.13,24-26 The im por tan ce of pro te a so me was
con fir med by pro te a so me im mu nop re ci pi ta ti on, an ti -
sen se tre at ment and in hi bi tor tre at ments which ca u se a
dra ma tic dec re a se in the abi lity of cell lysa tes to deg ra -
de oxi di zed pro te ins.24,25 The se stu di es in di ca te that the
pro te a so me is res pon sib le for abo ut 70–80% of pro te in
deg ra da ti on af ter oxi dant ex po su re.

It has be en shown that the pro te a so mal deg ra da ti -
on in cre a ses fol lo wing mild oxi da ti on of the subs tra te,
whe re as se ve re oxi da ti ve da ma ge ca u ses dec re a se in the
pro te a so mal ac ti vity.24,25 The strong cor re la ti on bet we en
the in cre a se of pro te oly tic sus cep ti bi lity and the amo unt
of oxi dant at mo de ra te oxi dant con cen tra ti ons is du e to
a per ma nent in cre a se in the hydrop ho bi city of the pro-
te in subs tra te fol lo wing oxi da ti on.12,27 It is sug ges ted that
oxi da ti on of pro te ins ca u se an ex po su re of hydrop ho bic
mo i e ti es from the pro te in co re to the sur fa ce. Sin ce it
was shown that the pro te a so me has a pre fe ren ce to bind
hydrop ho bic and aro ma tic ami no acids, the re cog ni ti on
of the se hydrop ho bic un fol ded patc hes by the pro te a so -
me was pro po sed. It was de mons tra ted that a furt her oxi-
da ti on ca u ses a dec re a se in pro te a so mal pro te oly tic
sus cep ti bi lity du e to pro te in ag gre ga ti on and cross-lin -
king. The se ag gre ga tes are tho ught to in hi bit pro te a so me
ac ti vity by clog ging up the ou ter ring of pro te a so mal

cylin der. At this po int, it can be conc lu ded that the re-
mo val of mi ni mally oxi di zed pro te ins is an es sen ti al
func ti on for ma in ta i ning cel lu lar ho me os ta sis and to pre-
vent the ac cu mu la ti on of highly oxi di zed and cross-lin -
ked pro te ins, which are no lon ger deg ra dab le.2,28

PRO TE IN OXI DA TI ON IN AGING AND DI SE A SES

Pro te in oxi da ti on may be a bi o mar ker of nu me ro us di se -
a ses and aging in se ve ral ways. The bi o me di cal li te ra tu -
re is full of cla ims that re ac ti ve spe ci es are in vol ved in
hu man di se a ses. So me di se a ses are pro bably ca u sed by
oxi da ti ve stress. Ho we ver, in most di se a ses, oxi da ti ve
stress is a con se qu en ce and not a ca u se. Oxi da ti ve stress
and pro te in oxi da ti on con tri bu tes to tis su e in jury in so -
me di se a ses, so that the ra pe u tic in ter ven ti on with an ti -
o xi dants sho uld be be ne fi ci al, pro vi ded that the agents
used ac tu ally do dec re a se the oxi da ti ve da ma ge.29

Re ac ti ve spe ci es can be a ca u se or a con se qu en ce of
can cer and al so in the che mot he rapy nuc le ar de fen ce
was hypot he si zed to be strong with high pro te a so me ac-
ti vity in the nuc le us aga inst the oxi da ti ve nuc le op ro te -
in da ma ge ca u sed by che mot he ra pe u tic drugs. Re cently
it was shown that the ra pid ac ti va ti on of 20S pro te a so me
in res pon se to oxi da ti ve stress is ac com pa ni ed by the
poly (ADP-ri bosyl)ati on.23 Al so a PARP-1 in de pen dent
mec ha nism of nuc le ar pro te a so me ac ti va ti on af ter glyo-
xal tre at ment was de mons tra ted.30 This was ba sed on
par ti ally hig her pro te a so me con tent in nuc le us.

Re cently, aging stu di es re la ted to oxi da ti ve stress
are of gre at in te rest. The fre e ra di cal the ory of aging was
in tro du ced in 1956 by Den ham Har man, who pro po sed
that age ing re sults from ran dom de le te ri o us da ma ge to
tis su es by fre e ra di cals.29 Me a su re ments of bi o mar kers in
hu mans and ot her ani mals sug gest that oxi da ti ve da ma -
ge in cre a se with age. In de ed both lon pro te i na se and
pro te a so me ac ti vi ti es dec li ne with age in so me ani mal
tis su es es pe ci ally in bra in. In mi ce the dec li ne in Lon in
li ver was as so ci a ted with in cre a sed le vels of oxi di zed mi-
toc hon dri al pro te ins, inc lu ding aco ni ta se.31,32 Met hi o ni -
ne sulp ho xi de re duc ta se was al so shown to be im por tant
by in cre a sing the li fes pan with ove rex pres si on in Dro-
sop hi la.33 As an in te res ting asi de, an age re la ted in cre a -
se in the pro te in car bonyl con tent was fo und in rat
he pa tocy tes,34 hu man bra in,35 hu man red blo od cells36

and eye lens.37 One of the high lights put for ward to sup-
port the fre e ra di cal the ory of aging was the pre sen ce of
age pig ments such as li po fus cin, ce ro id or AGE-pig ment
li ke flu o rop ho res. Li po fus cin is tho ught to be con ju ga tes
of MDA and pro te in thi ol gro ups de du ced from the flu -
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o res cen ce cha rac ter38 and it was re cently shown by se ve-
ral gro ups that the pre sen ce of such ma te ri al inf lu en ces
the pro te a so mal ac ti vity.39, 40 The se ag gre ga ted cross-lin -
ked ma te ri al will be au top ha gozy to sed re sul ting in a ma -
jor ac cu mu la ti on of this ma te ri al in lyso so mes. The
ob ser ved age-re la ted ac cu mu la ti on of oxi di zed cross-lin -
ked ma te ri al may be the re sult of both in cre a sed pro te -
in oxi da ti on fol lo wed by ag gre ga ti on and/or dec li ne
pro te in bre ak down and a mal func ti on of the pro te a so -
mal system.2

Spe ci fi cally hu man skin un der go es an aging pro-
cess, which is cha rac te ri zed by a loss of elas ti city and
wrink le for ma ti on. The se symptoms of skin aging are ca -
u sed by in tra cel lu lar chan ges and an en han ced deg ra da -
ti on of col la gen fi bers. For examp le the ac ti vity of
col la gen deg ra ding mat rix me tal lop ro te i na ses is in cre a -
sed in skin aging and pho to a ging ca u sed by UV ex po su -
re. Pho to a ging is a gro wing prob lem re cently which
many stu di es are fo cu sed on. Ac ti va ti on of MMP ex p-
res si on af ter UVA ir ra di a ti on was shown to be me di a ted
by sing let oxy gen for ma ti on.41-43 Al so the in cre a se in
mat rix me tal lop ro te i na se and col la gen deg ra da ti on was
se en to be in cor re la ti on with pro te in oxi da ti on and pro-

te a so mal deg ra da ti on in the on go ing study in our la bo -
ra tory.   

CONC LU SI ON

The ava i lab le li te ra tu re sug gest that fre e ra di cal for ma -
ti on is the most abun dant ca se stu di ed in hu man di se a -
ses and aging. In the oxi da ti ve mo di fi ca ti ons of
bi o mo le cu les, pro te in oxi da ti on ta kes an im por tant pla -
ce. Alt ho ugh, pro te oly tic systems exist re mo ving oxi di -
zed pro te ins, pro te in oxi da ti on is an ex cel lent bi o mar ker
of oxi da ti ve stress du e to the re la ti ve long half-li fe of
such oxi di zed pro te ins. Fol lo wing se ve re oxi da ti ve stress,
the dec re a se in the pro te oly tic deg ra da ti on and ac cu -
mu la ti on of non-fol ded pro te ins may be the ca u se and/or
the con se qu en ce of many di sor ders and aging. All da ta
un til now shows the im por tan ce of pro te in oxi da ti on
and the func ti o na lity of the pro te a so mal system in the
li fes pan and se em to be cru ci al for furt her stu di es in the
fi eld.
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