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Proteins can become modified by a large number of reac-

tions involving reactive oxygen species. Among these

reactions, carbonylation has attracted a great deal of

attention due to its irreversible and unrepairable nature.

Carbonylated proteins are marked for proteolysis by the

proteasome and the Lon protease but can escape degrada-

tion and form high-molecular-weight aggregates that ac-

cumulate with age. Such carbonylated aggregates can

become cytotoxic and have been associated with a large

number of age-related disorders, including Parkinson’s

disease, Alzheimer’s disease, and cancer. This review

focuses on the generation of and defence against protein

carbonyls and speculates on the potential role of carbonyl-

ation in protein quality control, cellular deterioration, and

senescence.
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Introduction

The widespread use of carbonylation assays for the detection

of oxidative damage to proteins has its origin in studies on

bacterial glutamine synthetase activity (Stadtman, 2001).

Upon ammonium starvation, this enzyme undergoes a mod-

ification that marks it for proteolytic degradation and this

marker reaction requires the ingredients of a mixed-function

oxidation reaction, that is, oxygen, iron, and reducing equiva-

lents (Levine et al, 1981; Roseman and Levine, 1987; Rivett

and Levine, 1990; Stadtman, 2001). Biochemical analysis

revealed that carbonyl groups introduced into the side chains

of specific amino acids in the active center of the protein

trigger the initial steps in the degradation of the enzyme

(Levine, 1983, 2002). Parallel studies on aging animals have

similarly identified oxidative carbonylation as one important

factor in protein function and removal (e.g. Oliver et al, 1987;

Stadtman, 1992; Levine, 2002).

A large number of studies have shown that protein carbo-

nylation increases with the age of cells, organelles, and

tissues of varied species and, in some cases, carbonylation

has been linked to age-dependent wear and tear of specific

enzymes, such as aconitase and the nucleotide translocator

ANT (e.g. Yan et al, 1997; Yan and Sohal, 1998). Diseases

associated with increased carbonylation include Parkinson’s

disease, Alzheimer’s disease, cancer, cataractogenesis, dia-

betes, and sepsis (Levine, 2002; Dalle-Donne et al, 2003). In

addition, manipulations leading to prolonged lifespan, that is,

caloric restriction, decrease carbonylation levels in mouse

mitochondria (Lass et al, 1998). In some cases, the levels of

carbonylated-damaged proteins have been shown to be asso-

ciated with the physiological age or life expectancy of an

organism rather than with its chronological age. For example,

carbonyl levels are higher in crawlers (low life expectancy)

than fliers in a cohort of houseflies of the same chronological

age (Sohal et al, 1993). Similarly, using in situ detection of

protein oxidation in single Escherichia coli cells and a tech-

nique to separate culturable and nonculturable cells of the

same chronological age, it was demonstrated that proteins of

the nonculturable cell population exhibited markedly higher

levels of irreversible carbonylation (Desnues et al, 2003).

However, it is still unclear to what extent carbonylation

may be a cause of cellular senescence and aging or yet

another, albeit highly useful, diagnostic marker of age-related

deterioration.

Generation of protein carbonyls

Carbonyl derivatives are formed by a direct metal catalyzed

oxidative (MCO) attack on the amino-acid side chains of

proline, arginine, lysine, and threonine. In addition, carbonyl

derivatives on lysine, cysteine, and histidine can be formed

by secondary reactions with reactive carbonyl compounds on

carbohydrates (glycoxidation products), lipids, and advanced

glycation/lipoxidation end products. The quantitatively most

important products of the carbonylation reaction are glutamic

semialdehyde from arginine (Figure 1) and proline, and

aminoadipic semialdehyde from lysine (Requena et al,

2003). Compared to other oxidative modifications, carbonyls

are relatively difficult to induce and in contrast to, for

example, methionine sulfoxide and cysteine disulfide bond

formation, carbonylation is an irreversible oxidative process

(Dalle-Donne et al, 2003). Thus, a cell must rid itself of

carbonylated proteins by degrading them. Different sensitive

methods have been developed for the detection and quanti-

fication of protein carbonyl groups and most of these involve

derivatization of the carbonyl group with 2,4-dinitrophenol

hydrazine and subsequent immunodetection of the resulting

hydrazone (Figure 1) using monoclonal or polyclonal anti-

bodies (Levine, 2002).
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Aging-, starvation-, and stress-induced carbonylation does

not affect the proteome uniformly (Levine, 2002). In E. coli,

the targeted proteins include the Hsp70 and Hsp60 chaper-

ones, the histone-like protein, H-NS, elongation factors,

EF-Tu and EF-G, glutamine synthetase, glutamate synthase,

aconitase, malate dehydrogenase, and pyruvate kinase

(Dukan and Nyström, 1998, 1999; Tamarit et al, 1998).

Some of these proteins have been demonstrated to be speci-

fically carbonylated also in oxidation stressed yeast cells

(Cabiscol et al, 2000), aging flies (Yan et al, 1997; Sohal,

2002), plants (Johansson et al, 2004; Kristensen et al, 2004),

and in Alzheimer’s diseased brain (Castegna et al, 2002).

Thus, there is a general pattern of carbonylation specificity in

distantly related organisms. The molecular basis for the

apparent sensitivity of some proteins to carbonylation is

not understood, but it is likely that MCO is an intrinsic

problem for proteins containing transition metals (however,

only a few of the carbonylated proteins are known to bind

metals). In addition, some proteins (e.g. enzymes of the

Kreb’s cycle and electron transport chain) may have been

classified as ‘oxidation-sensitive’ mainly because they are

located in the proximity of sites generating reactive oxygen

species (ROS).

Different origins of protein carbonylation

The task of identifying the causal factors behind age-depen-

dent increased carbonylation has proven difficult. Several

principal possibilities can be envisioned, including (I) a

decline in the antioxidant defence system, (II) an increased

production of ROS, (III) a diminished capacity for removal of

oxidized proteins, or (IV) an increased susceptibility of

proteins to oxidative attack. Of course, these possibilities

are not mutually exclusive, and evidence both for and against

all these possibilities can be found in the literature depending

on the cells, tissues, or organisms studied (e.g. Ji et al, 1990;

Sohal and Weindruch, 1996; Dukan and Nyström, 1998,

1999; Dukan et al, 2000; Nyström, 2002; Sohal, 2002). For

example, catalases have been demonstrated to decrease with

age in some tissues, and it is possible that carbonylation

levels increase as a direct consequence of a diminished

activity of the primary antioxidant defence systems (Ji et al,

1990; Sohal et al, 1995). It appears that the classical enzymes

involved in ROS detoxification, that is, superoxide dis-

mutases, catalases, and peroxidases, are key members of

the cellular defence also against protein carbonylation. But,

in contrast to its essential role in attenuating illegitimate

disulfide bond formation, the glutathione reductase system

appears less important, at least in E. coli (Dukan and

Nyström, 1998, 1999). Another important factor in the gen-

eration of ROS and protein carbonyls during aging and

oxidative stress is the intracellular availability of free iron

(Stadtman, 1992; Stadtman and Levine, 2000). For example,

carbonylation levels are markedly higher in yeast mutants

lacking the iron storage protein YFH1p, a homolog to the

human frataxin (Desmyter et al, 2004). Interestingly, the

human ferritin L gene can partly compensate for the lack of

functional YFH1p, that is, it counteracts elevated carbonyla-

tion, and also prolongs the replicative lifespan of the yeast

cells (Desmyter et al, 2004).

In yeast, increased carbonylation has also been linked to

an increased tendency of the aging mitochondria to produce

ROS rather than a diminished activity (or abundance) of

antioxidant defence systems (Aguilaniu et al, 2001; see also

Jazwinski, 2004). During carbon or nitrogen starvation, the

respiratory state of the yeast mitochondria was found to shift

from a coupled state-3 to a state-4 type respiration, which

is characterized by a low activity of the ATP synthase, an

elevated membrane potential, and an increased production of

superoxide (Aguilaniu et al, 2001). This propensity of the

mitochondria to produce ROS is subjected to control by the

RAS signaling pathway (Hlavata et al, 2003) such that over-

active RAS signaling elevates ROS production (and shortens

lifespan) (Hlavata et al, 2003).

The third possibility listed above as a possible cause of

increased carbonylation during aging relates to the activity of

the cellular protease systems. It has been shown that the

function of the proteasome decreases during aging in several

human tissues as well as in senescent primary cultures,

which may result in the accumulation of damaged proteins

(Friguet et al, 2000; Sitte et al, 2000; Shringarpure and Davies,

2002). It has been suggested that this decreased proteolysis is

a consequence of the accumulation of protease-resistant
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Figure 1 Carbonylation and derivatization of a protein amino-acid
side chain. A scheme for the formation of glutamic semialdehyde
from an arginyl residue is depicted as a consequence of an MCO. For
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resulting protein 2,4-dinitrophenol hydrazone can be detected by
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aggregates, ‘aggresomes’, which bind to the proteasome

(Grune et al, 2004). In other words, the aggresomes are

argued to clog up the proteasomes and as a consequence,

damaged (e.g. carbonylated) and potentially protease-suscep-

tible substrates accumulate with time (Grune et al, 2004).

Recent data indicate that carbonylation of proteins may

occur also in the absence of an increased ROS production,

diminished ROS defence, or reduced protease activity. This

pathway of carbonylation is rather linked to an increased

production of substrates available for oxidative attack

(Dukan et al, 2000; Ballesteros et al, 2001). This carbonyla-

tion is less specific than the one observed in aging organisms

and long-term starved microbes and highlights an until now

unknown link between ribosomal proofreading and protein

oxidation. Proteomics demonstrated that this carbonylation is

strongly associated with the production of aberrant protein

isoforms (Ballesteros et al, 2001). In addition, the level of

protein carbonylation was found to increase upon treatment

of cells with antibiotics, for example, streptomycin and

puromycin, and introduction of mutations causing increased

mistranslation (Dukan et al, 2000). During these treatments,

the rate of superoxide production and the activity of the

superoxide dismutases and catalases were unchanged and

the expression of oxidative stress defense genes did not

increase (Dukan et al, 2000). In addition, it was demonstrated

that stasis-induced carbonylation is drastically attenuated in

mutants harboring intrinsically hyperaccurate ribosomes

(Ballesteros et al, 2001). In other words, protein carbonyla-

tion of aberrant proteins does not require increased genera-

tion of ROS. Instead, the elevated oxidation of proteins in

growth-arrested cells may be due to aberrant proteins being

more susceptible to oxidative attack. The pool of aberrant

proteins is elevated during bacterial stasis due to a reduced

fidelity of the translational apparatus (O’Farrell, 1978; Barak

et al, 1996; Wenthzel et al, 1998; Ballesteros et al, 2001).

Possible role of carbonyls in protein quality
control

The rapid carbonylation of mistranslated or otherwise aber-

rant proteins points to an important physiological role of

carbonylation in protein quality control. Since carbonylated

proteins are more susceptible to proteolytic degradation than

their nonoxidized counterparts (Dukan et al, 2000; Bota and

Davies, 2002; Grune et al, 2003, 2004), the rapid carbonyla-

tion of an erroneous protein may ensure that such a poly-

peptide is directed to the proteolysis apparatus. Thus,

carbonylation may act as a signal ensuring that damaged

proteins enter the degradation pathway rather than the

chaperone/repair pathway since carbonylation is an irrever-

sible/unrepairable modification. This could effectively reduce

incorporation of mistranslated proteins into mature machines

(e.g. ribosomes and RNA and DNA polymerases) involved in

information transfer. In line with this notion, carbonylated

proteins generated as a result of increased mistranslation

were found to be less stable than the average bulk protein

(Dukan et al, 2000) and the degree of carbonylated proteins

in mature ribosomes is small in healthy cells of E. coli

(Desnues et al, 2003).

Another potentially important role of carbonylation is its

involvement in autophagy-like mechanisms. In this context,

carbonylation may act as a mechanism providing amino acids

for de novo protein synthesis by targeting proteins that are no

longer required, or have become damaged/aberrant, for

degradation. It is not clear whether carbonylation and ubi-

quitinylation operate independently or in concert in tagging a

protein for degradation in eukaryotic cells. However, the fact

that carbonylation of a protein isolated from E. coli (lacking

ubiquitin tagging systems) is recognized by the mammalian

proteasome in vitro (Roseman and Levine, 1987; Rivett and

Levine, 1990) suggests that carbonylation may bypass the

need for ubiquitinylation, at least in this specific case (see

also Shringarpure et al, 2003).

The above-mentioned carbonylation of aberrant proteins is

rather unspecific and one may ask how the cell can achieve

specificity using carbonylation as a marker for protein de-

gradation. In other words, how can, for example, specific

degradation of glutamine synthetase be achieved during

nitrogen starvation by a carbonylation reaction? As men-

tioned, introduction of carbonyl groups in this enzyme

marks it for subsequent degradation upon nitrogen (ammo-

nium) starvation. One possibility for such a specific carbo-

nylation of the enzyme during ammonium starvation is that

the idle enzyme, like aberrant proteins, is more susceptible

for oxidative carbonylation. Enzymes are frequently found

to be protected by their substrates from proteolysis (Miller,

1987). Thus, certain enzymes become more susceptible to

degradation during conditions where their substrates are

present at diminishing levels (Miller, 1987). This is concei-

vably due to subtle conformational differences in the working

and unoccupied forms of the enzyme. If the idle form

of glutamine synthetase is more susceptible to oxidative

carbonylation, this may impart an apparent specificity and

regulation of carbonylation-dependent tagging for protein

degradation during ammonium starvation. A summary of

possible mechanisms rendering a protein more susceptible

to carbonylation, and therefore degradation, is illustrated in

Figure 2. It is conceivable that any condition, such as elevated

temperatures, exposure to denaturing agents, and limitations

or defects in the molecular chaperone systems, could cause

an elevated concentration of aberrant proteins and therefore

increased carbonylation (Figure 2). However, so far, the only

means of generating aberrant proteins that have been shown

experimentally to elevate carbonylation are those affecting

the proofreading capacity of the ribosome (Nyström, 2002,

2004).

Carbonylation—friend or foe?

It has been argued that oxidative modification of a protein

makes it more susceptible to proteolysis largely due to unfold-

ing of the targeted protein domains (Grune et al, 2004).

Unfolding results in an increased exposure of hydrophobic

residues that are normally hidden in the interior of soluble

proteins and such hydrophobic patches are known to favor

recognition and degradation by the proteasome and the Lon

protease (Grune et al, 2003, 2004). A partly aberrant unfolded

protein exposes amino-acid residues normally hidden in the

protein structure, and introduction of carbonyl groups on those

amino acids may simply result in further loss of the protein’s

integrity (Davies and Delsignore, 1987; Davies et al, 1987).

In this scenario, carbonylation is just one of many possible

oxidative modifications that may render a protein more prone

for degradation. Since carbonylation is unrepairable, this
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modification may, however, be of special importance in direct-

ing the affected protein to the path toward degradation.

The described functions of carbonylation point to a bene-

ficial role in protein quality control and protein metabolism.

However, it turns out that carbonylation may be a mixed

blessing. For example, while a mildly carbonylated aconitase

is marked for proteolysis, a heavily oxidized form of the

enzyme tends to form high-molecular-weight aggregates that

escape degradation by the mitochondrial Lon protease (Bota

and Davies, 2002). In addition, aggregates of severely oxi-

dized proteins are poor substrates also for the proteasome and

such aggregates can inhibit proteasome activity (e.g. Grune

et al, 2004; Figure 2). It has been suggested that the decline in

proteosomal activity during aging (e.g. Agarwal and Sohal,

1994; Bota et al, 2002) may, in fact, be closely connected to a

gradual accumulation of proteolysis-resistant aggregates of

oxidized proteins that bind and inhibit proteosomal function

(Grune et al, 2004). Further, it is argued that this mechanism

of inhibition of the proteasome is more dramatic in postmi-

totic cells, for example, neurons, than dividing cells since the

latter can effectively dilute damaged proteins and aggregates

by growth and proliferation (Grune et al, 2004).

Protein carbonylation is not an inevitable
consequence of tissue aging

It has been demonstrated recently that the quantitative and

qualitative pattern of protein carbonylation during progres-

sion through the life cycle of the plant Arabidopsis thaliana

is distinct from that of the yeast, fly, nematode, bird, and

mammalian aging systems. Carbonylation first increases with

the age of the plant, similar to animals, but drops abruptly

prior to the vegetative to reproductive transition (Johansson

et al, 2004). Proteomic identification of the major targets for

protein carbonylation indicates that proteins

directly and indirectly linked to chloroplast activities

exhibit special problems with respect to oxidative damage

(Johansson et al, 2004; Kristensen et al, 2004). At first glance,

this suggests that the progression of oxidative damage in the

life cycle of animals and plants is fundamentally different.

Indeed, it clearly demonstrates that increased protein carbo-

nylation is not universally and inevitably related to the age of

a biological tissue. However, one aspect of protein carbonyla-

tion is similar in animals and plants; that is, production of

offspring occurs at a time at which the overall oxidative

damage in the organism is low. In animals, this coincides

with the early to middle stages of the organism’s life cycle,

whereas in A. thaliana, it signifies the end point of its

developmental progression. This begs the question of the

physiological significance of the drastic drop in protein

oxidation preceding flower development and to what extent

this may affect the fitness of the offspring. In addition, what is

the temporal and molecular nature of the signals triggering

the removal of damaged proteins and is the elimination of

such damage (or the peak in damage preceding this removal)

a prerequisite for the transition to flowering?

Segregation of carbonylated proteins—a
novel defence mechanism of
asymmetrically dividing cells

The yeast Saccharomyces cerevisiae, like A. thaliana, appears

to have evolved the means of keeping the offspring free of

carbonylated proteins but the mechanism is different. Yeast

belong to the exclusive club of organisms exhibiting replica-

tive aging. Most laboratory strains of S. cerevisiae can com-

plete, on average, 20–30 divisions followed by death. During

these progressive divisions, the cells undergo age-related

changes, including an increased generation time, increase in

size, decline in mating ability, and accumulation of extra-

chromosomal rDNA circles (ERCs). Thus, with each division,

the mother cell becomes phenotypically older and more

deteriorated but generates offspring exhibiting a full replica-

tive potential. In other words, the acquired aging phenotype

of the mother cell is somehow expunged in the progeny

during the process of asymmetrical division (Jazwinski,

2004). This argues for the existence of a senescence factor

that accumulates in the mother cells but is prevented from

transmission to the offspring (Egilmez and Jazwinski, 1989).

ERCs (Sinclair and Guarente, 1997) and dysfunctional mito-

chondria (Jazwinski, 2004) have been suggested to be such

senescence factors, but conclusive evidence for one primary

senescence factor in yeast is still lacking. In addition, an

unbiased screen for age asymmetry mutants identified carbo-

nylated proteins as one such potential senescence factor.

Specifically, it was demonstrated that stable protein carbo-

nyls are not inherited by the daughter cells during cytokinesis

(Figure 3; Aguilaniu et al, 2003). The ability of mother cells to

retain carbonylation-damaged proteins is diminished with the
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Figure 2 Schematic representation of pathways that can generate
carbonylation-prone protein species and the fate of such proteins.
Pathway 1 portrays the generation of aberrant proteins by mistran-
slation, for example, missense incorporation, frame-shifting, and
stop-codon read-through. Pathway 2 signifies the formation of
aberrant folding structures during chaperone deficiency, whereas
pathway 3 is the formation of similar aberrant structures during
specific stresses such as heat and exposure to denaturing agents.
Pathway 4 illustrates the hypothetical carbonylation of an idle
enzyme structure, which prevails during substrate deficiency. As
long as the substrate is present and the enzyme working, it may be
safeguarded from carbonylation and less prone to be attacked by
proteases. Soluble species of carbonylated proteins appear ordained
for proteolysis by, for example, the proteasome or Lon protease.
However, highly carbonylated proteins form high-molecular-weight
aggregates that are proteolysis-resistant. Such aggregates appear to
inhibit protease functions.
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replicative age of the mother. Moreover, a screen for mutants

with an abrogated ability to retain carbonylated proteins in

the mother cell identified the sirtuin, Sir2p, as an essential

component in segregating oxidative damage during mitosis

(Aguilaniu et al, 2003). Intriguingly, Sir2p has previously

been shown to be an aging determinant in organisms ranging

from yeast, worms, and flies (Guarente, 2000; Tissenbaum

and Guarente, 2001; Sinclair, 2002; Rogina and Helfand,

2004). Whether the aging phenotype of organisms lacking

functional Sir proteins is somehow linked to management of

oxidative damage is presently not known.

Hints toward a mechanistic explanation for damage segre-

gation in yeast come form experiments using drugs that effect

proper arrangement of the cytoskeleton. Specifically, drugs

that debilitate actin filament assembly inhibit damage segre-

gation during cytokinesis (i.e. gives a phenocopy of sir2;

Aguilaniu et al, 2003). In other words, it appears as if the

cytoskeleton has a dual function in ensuring that daughters

inherit a full complement of genomic material and active

mitochondria while preventing inheritance of old and da-

maged macromolecules. Moreover, actin staining indicates

that sir2 mutants are somewhat defective in actin filament

organization during cytokinesis (Aguilaniu et al, 2003).

Future analysis may clarify whether damage segregation is

restricted to asymmetrically dividing microbes or if this

phenomenon is a common feature also in eukaryotic devel-

opment, for example, during stem cell renewal or generation

of the germ cell line.

Conclusion

From being first recognized as an oxidative modification

tagging enzymes for proteolytic degradation, protein carbo-

nylation has become a widespread indicator of severe oxida-

tive damage and disease-derived protein dysfunction. The

increase in protein carbonyls during aging in animals is quite

substantial (Levine, 2002) eventually reaching a level of one

out of every third protein molecule carrying this modification

(Stadtman and Levine, 2000). In view of the fact that carbo-

nylation is reducing, or totally abrogating, the targeted

proteins catalytic functions and may trigger formation of

high–molecular-weight, potentially cytotoxic, aggregates,

this modification is likely to play havoc with cellular/tissue

functions in the aging organism.

One might wonder why evolution has failed to provide

the soma with more proficient defence systems that can

more efficiently combat this damage throughout the organ-

ism’s lifespan. This problem is adequately explained by

the evolutionary theory of aging, which states that there is

no need for such a defence. Aging is argued to be a con-

sequence of the fact that natural selection’s power to

influence the fate of genes gradually wanes as the age at

which those genes have their effects increases. In line with

this concept, the carbonyl content increases at a drastically

accelerated rate in the last third of an animal’s lifespan

(Levine, 2002); that is, after termination of the reproductive

period. In other words, the carbonylation load of young

individuals is sufficiently low not to affect the fitness of the

offspring and the increased load of damage of the soma in

late life is impervious to natural selection. However, these

arguments are only applicable to organisms whose life his-

tory entails early reproduction. If a high carbonyl load is a

genuine hazard to fitness, organisms producing reproductive

organs at the closing stages of their development should have

evolved means of keeping protein damage low throughout

their lifespan or, alternatively, be equipped with systems that

can clear out damage prior to reproduction. Interestingly, it

appears that the plant A. thaliana has evolved defence

systems to do just that (Johansson et al, 2004). In addition,

some unicellular organisms display previously unrecognized

means of keeping the young free of carbonylation damage.

The asymmetrically dividing yeast S. cerevisiae has evolved a

Sir2p-dependent system that retains carbonylated proteins in

the mother cell compartment during mitotic cytokinesis

(Aguilaniu et al, 2003). Thus, the progeny, exhibiting a full

reproductive potential in contrast to the mother cell, starts

out with a markedly reduced load of damage compared to the

ancestor cell. Prokaryotic cell cultures, that is, of E. coli,

subjected to starvation break up into two populations ex-

hibiting markedly different loads of carbonylated proteins

(Desnues et al, 2003). The cells displaying low carbonyl

levels remain reproductively competent, whereas cells with

a high carbonyl load become genetically dead (noncultur-

able). Whether this starvation-induced heterogeneity in car-

bonylation and fitness is programmed or stochastic remains

to be elucidated.

The role of carbonylation may change with the age of the

organisms. From being an important part of protein quality

control and a reaction that labels aberrant, damaged, or idle

enzymes for degradation, it may later become a menace and

negatively influence cellular functions, including the function

of the proteasomes. Future analysis may illustrate whether an

organism’s ability to retain the former function of carbonyla-

tion modifications as long as possible also affects its long-

evity or fitness.
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Figure 3 Segregation of carbonylated proteins during cytokinesis of
the yeast S. cerevisiae. (A) Transmission electrograph of a yeast
mother cell in the process of generating a daughter cell. (B) Levels
of superoxide as determined by DHE staining in cells shown in
panel A. (C) In situ detection of carbonylated proteins (see
Aguilaniu et al, 2003) of cells shown in panel A.
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