
Protein Carbonyl and the Methionine Sulfoxide
Reductase System

Jackob Moskovitz and Derek B. Oien

Abstract

The formation and accumulation of protein-carbonyl by reactive oxygen species may serve as a marker of
oxidative stress, aging, and age-related diseases. Enzymatic reversal of the protein-carbonyl modification has not
yet been detected. However, an enzymatic reversal of protein-methionine sulfoxide modification exists and is
mediated by the methionine sulfoxide reductase (Msr) system. Methionine sulfoxide modifications to proteins
may precede the formation of protein-carbonyl adducts because of consequent structural changes that increase
the vulnerability of amino acid residues to carbonylation. Supportive evidence for this possibility arises from the
elevated protein-carbonyl accumulations observed in organisms, such as yeast and mice, lacking the methionine
sulfoxide reductase A (MsrA) enzyme. In addition, advanced age or enhanced oxidative-stress conditions foster
the accumulations of protein-carbonyls. This review discusses the possible involvement of methionine sulfoxide
formation in the occurrence of protein-carbonyl adducts and their relevance to the aging process and neuro-
degenerative diseases. Antioxid. Redox Signal. 12, 405–415.

Introduction

Reactive oxygen species (ROS), including O2
��, H2O2,

�OH, and NO�, play an important role in various biologic
processes such as signal transduction, aging, immune re-
sponse, and age-associated diseases (9, 64, 72, 80). Among
several biochemical interactions, ROS can react with side
chains of the following protein residues: lysine, arginine,
proline, threonine, and glutamic acid, which in turn can cause
the formation of carbonyl adducts (3, 72, 77). Additionally,
aldehydes, such as 4-hydroxy-2-nonenal or malondialdehyde
(produced during lipid peroxidation), can be incorporated
into proteins by reacting with lysine or cysteine (Cys) residues
to form carbonyl derivatives (21, 81). Carbonyl groups also
can be formed in proteins by glycation and glycoxidation re-
actions (7, 33). Consequently, protein-carbonyl groups can be
used as markers for ROS-induced protein oxidation.

Aging and Protein-Carbonyl Content

An accumulation of oxidized proteins with age is consid-
ered to be one of the characteristics of the aging process. For
example, the protein-carbonyl content of human cultured
dermal fibroblasts from normal individuals (55), human lens
(24), and human brain tissue (68) has been shown to increase
as a function of age (Fig. 1) (50). In addition, high levels of

carbonylated proteins have been shown to inactivate the
proteasome, thereby inhibiting protein degradation, which in
turn increases their accumulation (76). The levels of cellular
ROS are reflected by the protein-carbonyl content, which has
been reported for various human tissues (Fig. 1). The protein-
carbonyl content appears to follow an autocatalytic function
with an initial lag phase (Fig. 1). This kinetic behavior could be
derived from the fact that the antioxidant system was fully
functional at a young age and the generated ROS-modified
proteins were efficiently degraded. Thus, little or no change is
found in the level of protein-carbonyls during the first 45
years, as indicated by the lag phase shown in Fig. 1. However,
at age of 45 years or older, the antioxidant and degradation
systems become progressively inactivated because of the
failure to overcome the constant influx of ROS. As a result, the
accumulation of carbonylated proteins accelerates, indicating
the age when cells of the individual become increasingly more
susceptible to ROS-mediated damage. Moreover, the fact that
generation of ROS is likely to increase as a function of age (9,
71) provides further support for the observed phenomenon
(Fig. 1) (50). An increase of carbonyl adducts to specific pro-
teins with age was shown in various animal models for aging
and age-associated diseases. Accordingly, protein carbonyl-
ation was observed in rat bronchoalveolar lavage (82), phys-
ically exercised rats (6), aging yeast (31), and aging nematodes
(30).
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Protein-Carbonyl and the Methionine Sulfoxide
Reductase System

Enzymatic reduction of methionine sulfoxide (MetO) is
mediated by the methionine sulfoxide reductase (Msr) sys-
tem, comprising MsrA and MsrB, which reduce S-MetO and
R-MetO, respectively (42). A compromised Msr system can
cause an increase in MetO cellular content in proteins, espe-
cially when the cells are exposed to conditions of oxidative
stress. Consequently, the structural conformation of MetO-
proteins may change (54), while promoting carbonylation in
otherwise hidden amino acid residues. For example, a mouse
lacking the MsrA gene (MsrA�=�) was more vulnerable to
hyperoxia (100% oxygen), exhibiting enhanced accumula-
tions of protein-carbonyl in kidneys, liver, lungs, and brain

(Fig. 2) (44). The MsrB1 enzyme is a selenoprotein that par-
allels the MsrA distribution in tissues and patterns of ex-
pression (5, 48). Moreover, in the absence of MsrA, MsrB1
transcription and expression are downregulated (49).

Selenium is required for the synthesis of selenocysteines that
in turn are incorporated into selenoproteins for their activities.
Several antioxidant enzymes are also selenoproteins (like
thioredoxine reductase, gluthathione peroxidase, and MsrB1),
and therefore, their function and expression are compromised
when selenium is restricted during synthesis. Accordingly, it
was predicted that reducing selenium intake through diet will
cause elevation of oxidized proteins, especially in MsrA�=�

mice compared with control mice. An increase in Met oxidation
was most apparent after the administration of a selenium-
deficient diet (SD) to mice through the F2 generation (43). The

FIG. 1. Age-dependent accumulation of
protein carbonyl content. The carbonyl con-
tent determined in human cultured dermal
fibroblasts from normal individuals (55), in
human eye lens cortex (24), and in the oc-
cipital lobe of human brain tissue (68) are
plotted as a function of age, as previously
described [the figure is reproduced from
Moskovitz et al. (50)].

FIG. 2. Protein-carbonyl levels
in various tissues from WT and
MsrA�=� mice. Protein-carbonyl
levels were determined in various
tissues from WT and MsrA�=� mice
as function of time under hyperoxia
(100% oxygen). Time points (h): 0,
24, and 48 h. Each time point repre-
sents five animals. Black bars, WT;
hatched bars, MsrA�=�. The figure is
reproduced from Moskovitz et al.
(44). *Significant difference between
WT and MsrA�=� mice ( p< 0.05 by
t test).

406 MOSKOVITZ AND OIEN

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2809&iName=master.img-000.jpg&w=305&h=215
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2809&iName=master.img-001.jpg&w=336&h=217


biggest effect on protein-MetO accumulation was observed
when shifting from a selenium-adequate (SA) diet to an SD diet
(43). In the F2 generation, enhanced protein-MetO accumula-
tions were shown in the MsrA�=� mice relative to wild-type
(WT) mice in all organs (*�1.5) and especially in lungs (�2.0)
(Fig. 3). In contrast, no significant differences in the levels of
protein-MetO between the two mouse strains were detected for
the SD diet through the F1 generation (except in cerebellum),
whereas the SA diet through F1 and F2 generations showed no
detectable protein-MetO accumulations in both strains (43).
Similarly, elevated levels of protein-carbonyl were detected
in all MsrA�=� mice relative to the WT mouse tissues at the
F2 generation of the SD diet and were most pronounced in
brain cerebellum (�2.0), lungs (�2.0), and brain cerebrum (�1.5)
(Fig. 4). No significant differences in the levels of protein-
carbonyl between the two mouse strains were detected with
the SD diet through the F1 generation. With the SA diet through
the F1 and F2 generations, no protein-carbonyl accumulations
were detected in both mouse strains (43). The lack of detectable
levels of protein-carbonyl after the SA diet is mainly due to the
fact that the mice tested were too young to accumulate signif-
icant amounts of protein-carbonyl (40 days post-weanling).
The MsrA-knockout effect on protein-carbonylation was shown
mostly in two tissues (brain and lungs) and only through the
second generation of the SD diet (Fig. 4). These results clearly
demonstrate that enhanced posttranslational modification to
proteins occurring after the prolonged SD diet is predominantly
expressed in brain and lungs of the MsrA�=� mouse. Correla-
tive analysis between the MsrB activities and the organ-specific
protein MetO and carbonyl accumulations in the MsrA�=� and
WT mice imply a differential protection by MsrB and MsrA

from oxidative damage. MsrB1 had a higher contribution in
protecting the brain cerebellum from protein-carbonyl ac-
cumulation through the F2 generation of the SD diet (a 50%
decrease in MsrB activity compared with �2.0 increase of
protein-carbonyl level in MsrA�=� relative to WT mice (43). In
addition, MsrA has a special protective role in preventing
protein-MetO and carbonyl accumulations in lungs and brain
of MsrA�=� mice through the F2 generation of the SD diet [as
MsrA�=� mice exhibited only a 10% decrease in MsrB activity
and no MsrA activity compared with elevation of�1.5 to 2.0 of
protein-MetO and carbonyl levels (Figs. 3 and 4) (43)].

The effect of MsrA ablation on the protection of cells from
oxidative stress–mediated accumulation of protein-carbonyl
adducts is demonstrated in the nonreplicative senescence
of yeast cells (52). Nonreplicative senescence in yeast is eval-
uated by isolating old mother cells through the yeast cell
generations. The WT yeast cell does not show many signs of
aging up to eight cell divisions=generations (41). Accordingly,
five- and 21-generation-old cells were isolated, representing
young and old mother cells, respectively. Previously, it was
shown that msrA-null mutant yeast cells (MT) had a shorter
life span because of oxidative stress–mediated damage (45,
46). Moreover, an MsrA-overexpressed strain was more re-
sistant to oxidative stress, with a slightly better survival rate
than in its respective WT strain (46). These observations
suggest that the MT strain is more prone to oxidative damage
to proteins, resulting in a shorter life span.

To investigate the possibility that this mutant strain also
accumulates nonreversible posttranslational modifications
with age, its protein-carbonyl levels were monitored in five-
and 21-generation-old cells relative to its control WT strain.

FIG. 4. Protein-carbonyl accumulations in various tissues
from WT and MsrA�=�mice after the SD diet. After 40 days
of SD at the F2 generation, protein-carbonyl content was
measured in various tissues of the mice. Cellular protein
levels were determined as previously described (43). Each
value represents an averaged percentage protein-carbonyl
accumulation (n¼ 5). The differences between the protein-
carbonyl levels in the MsrA�=� mice and the respective WT
values were all significant ( p< 0.05, by t test). Additional
data for the appropriate controls are described in Moskovitz
(43) [F1-generation data concerning selenium-adequate diet
(SA) and SD diet; and F2-generation data concerning the SA
diet in both mouse strains]. The figure is a new presentation
of previously published results (43). Black bars, WT mice;
hatched bars, MsrA�=� mice; Cer, brain cerebrum; Ceb, brain
cerebellum.

FIG. 3. Methionine sulfoxide accumulations in various
tissues from WT and MsrA�=� mice after an SD diet. After
40 days of SD at the F2 generation, protein-MetO content was
measured in various tissues of the mice. Cellular protein
extracts were treated with and without CNBr, and their
relative MetO levels were assayed by using amino acid
analysis techniques, as previously described (43). Each value
represents an averaged percentage of MetO accumulation
(n¼ 5). The differences between the protein-MetO levels in
the MsrA�=� mice and the WT values were all significant
( p< 0.05). Additional data for the appropriate controls are
described in Moskovitz (43) (F1-generation data concerning
the SA and SD diets; and F2-generation data concerning data
of SA diet in both mouse strains). The figure is a new pre-
sentation of previously published results (43). Black bars, WT
mice; hatched bars, MsrA�=� mice; Cer, brain cerebrum; Ceb,
brain cerebellum; Lun, lungs; Hrt, heart; Kid, kidneys; Liv,
liver.
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As shown in Fig. 5, the levels of protein-carbonyls in the MT
strain were dramatically higher than those in its WT con-
trol strain at the age of five generations (a representative
generation for young cells). The 21-generation-old cells (a
representative age for old cells) of the WT strain accumulated
significant amounts of protein-carbonyl, relative to the five-
generation-old cells (Fig. 5). However, the protein-carbonyl
levels were still significantly lower than those observed with
the MT strain, respectively (Fig. 5).

To support the notion that the observed protein-carbonyl
accumulations may be a consequence of enhanced oxidative
stress, the protein-carbonyl accumulations in both yeast
strains were monitored after exposure of the cells to H2O2. As
expected, the MT strain accumulated 2.6-fold more protein-

carbonyls relative to the WT strain under these conditions
(Fig. 6).

Accumulations of protein-carbonyl in human tissues (50)
and in yeast mother cells (1) were shown to be among the
characteristics of aging (50). Thus, it is suggested that the MT
strain is aging at a faster rate compared with the WT strain
and accumulates higher protein-carbonyl levels as a conse-
quence of oxidative-stress conditions (Figs. 5 and 6). Ad-
ditionally, lower antioxidant defense is associated with the
progression of the aging process.

Among the functions of the Msr system is to serve as an
antioxidant via its MetO-dependent reducing activities (38).
Moreover, the MsrA activity was shown to decline in various
mammalian tissues with age or oxidative stress (44, 73).
Therefore, it was important to monitor the Msr activity as a
function of age in both the MT and control WT yeast strains.

As shown in Fig. 7, both the WT and the MT strains dem-
onstrated a significant loss of total Msr activity at the
21- versus five-generation-old cells. The observed decline in
Msr activity with age in both examined yeast strains is similar
to the activity reduction shown in most aged mammalian
tissues (73). The level of the total Msr activity in the MT strain
represents MsrB activity only, and its further decline in 21-
generation-old cells may contribute to the additional protein-
carbonyl accumulation at that age (Fig. 5) (52). However, lack
of MsrA activity in the MT strain seems to make a major
contribution to its protein-carbonyl accumulation in the five-
generation-old cells (Fig. 5).

In summary, these data provide supportive evidence for the
importance of the Msr activities in preventing age-associated
damage to proteins. Irreversible posttranslation modification
to proteins may result in their malfunction, aggregation, and
thereby cause cellular damage leading to senescence and ap-
optosis. Therefore, the removal of faulty proteins that accu-
mulate as a function of age or oxidative-stress conditions is
essential for cell survival. When the reversal of the damaging
posttranslational modifications to a protein structure fails, we

FIG. 5. Age-dependent accumulations of protein-carbonyls
in MT and WT control yeast strains. Young yeast cells (five-
generation-old cells) and old yeast cells (21-generation-old
cells) were isolated by elutriation, as previously described (52).
5 Gen, 5-generation-old cells; 21 Gen, 21-generation-old cells.
White bars, WT yeast cells; black bars, MT yeast cells. Each bar
represents an average value (n¼ 3). The differences between
WT and MT values were significant ( p< 0.001, by t test). This
figure was reproduced from a previous publication by Oien
and Moskovitz (52).

FIG. 6. Oxidative stress–dependent accumulations of
protein-carbonyls in MT and WT control yeast strains. Late
logarithmic yeast cells were inoculated into liquid YPD
media in the presence or absence of 2 mM H2O2 at 308C.
When cell density reached the early log phase (A600¼ 1.0),
the cells were centrifuged, washed 3 times with buffer, and
disrupted. After centrifugation, the resulting supernatants of
the cell extracts were used for protein-carbonyl determina-
tion, as previously described (52). Control and H2O2, non-
treated and H2O2-treated cells, respectively. The differences
between WT and MT values in the presence of H2O2 were
significant (*p< 0.001 by t test). This figure was reproduced
from a previous publication by Oien and Moskovitz (52).

FIG. 7. Total Msr activity in MT and WT control yeast
strains. Young cells (five-generation-old cells) and old cells
(21-generations-old cells) were analyzed for total Msr activ-
ity by using dabsyl-MetO as a substrate and DTT as a re-
duction power, as previously described (52). Msr specific
activity is calculated as pmoles dabsyl-methionine formed
per milligram protein per minute. White bars, WT yeast cells;
black bars, MT yeast cells. Each bar represents an average
value (n¼ 3). The differences between WT and MT values
were significant (*p< 0.001; **p< 0.005 by t test). This figure
was reproduced from a previous publication by Oien and
Moskovitz (52).
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must degrade the faulty proteins with the proteasome system.
Lower proteasome activity has been implicated as one of the
features associated with the aging process in mammals (40)
and in yeast (16). Accordingly, it is expected that lack of or
compromised Msr activities (mainly of MsrA) may cause
faster accumulation of protein-carbonyls in yeast, which
in turn may inhibit the 20S proteasome activity. Supportive
evidence for the present observations comes from the recent
studies revealing marked decreases in the activity of both the
proteasomal system and the lysosomal proteases during the
senescence of nondividing fibroblasts. Furthermore, this de-
cline in proteolytic capacity was accompanied by an increased
accumulation of oxidized proteins (27).

Future research will focus on determining the identity of
the oxidized proteins in the MT yeast strain and how their
accumulation may affect the 20S proteasome activity.

Protein-Carbonyl and Methionine Sulfoxide
in Neurodegenerative Diseases

Methionine oxidation denatures proteins and converts the
hydrophobic properties of Met into hydrophilic-causing
structural alterations (74). Two major proteins that are in-
volved in the toxicity associated with Alzheimer’s disease
(AD) and Parkinson’s disease (PD) are b-amyloid (Ab) and
a-synuclein, respectively. Both proteins have been shown to
lose their fibrillation rate because of their Met oxidation (59,
83), and in the case with MetO-a-synuclein, to refibrillate in
the presence of metal ions and ROS, in vitro (87). Moreover, it
seems that oxidation of Met35 in Ab contributes significantly
to its toxicity in vitro (13, 66) and in vivo, as is demonstrated by
the fact that MetO-Ab adducts were found in postmortem
senile plaques (20). The current hypothesis is that the occur-
rence of neurodegenerative diseases is linked to the cumula-
tive damage to proteins (including protein-carbonyls) that
causes them to unfold and aggregate; thereby interfering with
normal neuronal functions and survival under oxidative-
stress conditions. The latter effect could be mediated by MetO-
proteins that their accumulation may provide signals to either
apoptotic events or survival salvation pathways, depending
on the function and the level of the targeted proteins.

Alzheimer’s disease

Loss of MsrA activity in brains of AD patients correlated
with elevated levels of protein-carbonyl, in comparison with
normal brains (23). These decreases of Msr activities reached
statistical significance in the superior and middle temporal
gyri (SMT), inferior parietal lobule (IPL), and hippocampus,
regions that are associated with histopathologic changes in
AD (23). In parallel to this observation, an increase in brain
protein-carbonyl levels was observed and reached statistical
significance in the SMT and hippocampus regions of the AD
brain (23). Transcription analysis of MsrA mRNA levels in
the AD brain demonstrated that the decrease of the enzyme
activity may be a reflection of a general decline of tran-
scription in AD (23). In addition, a greater loss in total Msr
activity was monitored in SMT as compared with the cor-
responding MsrA mRNA level; suggesting that the enzyme
may undergo an oxidative posttranslational modification
that affects its activity (23). Alternatively, it is possible that if
a decrease in MsrB transcription has occurred as well; that

would account for the further observed loss in the total Msr
activities. Because the presence of MsrB genes was not
known at the time of this study, it is most likely that a
decrease in MsrB transcription has contributed to the greater
decline in Msr activities as compared with the relative de-
cline in MsrA mRNA levels.

Moskovitz et al. (47) demonstrated that MsrA immuno-
reactivity is more pronounced in neurons than in glia, and
that some populations of neurons express higher levels than
others. They also suggested that MsrA may contribute to
the resistance of neurons to oxidative damage. Severe neu-
ron degeneration was found in the hippocampus, SMT, and
IPL, regions where MsrA was significantly diminished (23).
Moreover, the MsrA�=� mouse exhibited enhanced neuro-
degeneration, aggregated Ab accumulation, and elevated
tau phosphorylation in the hippocampus region as com-
pared with control mice (58). Thus, it is possible that a
decrease in MsrA activity in AD is related to neuron de-
generation in regions that are sensitive to an increase of
ROS damage to proteins, lipids, and nucleic acids in the
brain (8, 39, 69). It is important to note that several other
studies have shown elevated protein-carbonyls in brains
with AD (28, 68, 69). Oxidative damage to glutamine syn-
thetase (GS) is associated with an increase in carbonylation
of protein residues and a loss of enzymatic activity (56, 75).
The GS activity is markedly diminished in the hippocam-
pus and neocortex in AD (28, 68). Levine et al. (35) dem-
onstrated that oxidation of at least six methionine residues
in GS was required before susceptibility to proteolysis oc-
curred in vitro. Accordingly, it is possible that under the
presence of oxidative-stress conditions in AD, a compro-
mised MsrA function could lead to GS oxidation and con-
sequently to loss of its activity.

Another enzyme that is sensitive to oxidation is creatine
kinase. Studies have demonstrated a decline of creatine kinase
in the frontal and temporal lobes in AD (2, 12).

Elevated levels of carbonylation to specific proteins in AD
brain were identified by using 2D-gel electrophoresis coupled
with Western blot analyses for protein-carbonyl and mass
spectrometry (14). From theses experiments, it was deter-
mined that the following proteins (creatine kinase, glutamine
synthase, and ubiquitin carboxy-terminal hydrolase L-1) were
significantly more oxidized in AD than in control brain. In
tissues that consume ATP rapidly, like the brain, phospho-
creatine (the product of creatine kinase action) serves as an
energy reservoir for the rapid regeneration of ATP. For effi-
cient degradation of faulty proteins, both ATP and recycling
of ubiquitin by the ubiquitin carboxyl-terminal L-1 (UCH-L1)
are needed. Thus, carbonylation of proteins that are involved
in degradation may interfere with normal neuronal cellular
functions.

A follow-up of this study reported three additional targets
of protein oxidation in AD brain: dihydropyrimidinase-
related protein-2 (DRP-2), a-enolase, and the heat-shock cog-
nate 71 (HSC-71) (15). The DRP-2 protein is involved in axonal
growth and guidance, suggesting impairment in neural net-
work formation in AD when the protein is oxidized. The
cytosolic enzyme a-enolase is involved in the glycolytic path-
way and may be a consequence of pathologic events of AD.
Although oxidation of HSC-71 was increased in AD brain, it
was not significant. Nevertheless, oxidative damage leading
to even lower levels of dysfunctional heat-shock proteins
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may prompt cellular events causing neurodegeneration. These
results demonstrate that the process of ROS-mediated protein
modification is an important step in fostering AD and suggest
that protein oxidation plays a significant role in processes
contributing to AD-associated neurodegeneration (15).

As mentioned earlier, one of the characteristic features of
the MsrA�=� mouse is its hypersensitivity to oxidative stress.
This hypersensitivity causes accumulation of oxidized pro-
teins (44) and the presence of markers associated with neu-
rodegenerative diseases, including AD (58). Support for the
compromised MsrA�=� brain antioxidant capability comes
from the recent proteomics and genomics analyses of the
MsrA�=� brain (53). The acquired data suggest that the genes
participating in cellular redox regulation [dehydrogenase=
reductase (SDR family) member 8, carbonic anhydrase 8,
peroxiredoxin, superoxide dismutase 3, and succinate dehy-
drogenase complex, subunit A] are upregulated in the
MsrA�=� mouse as a response to enhanced oxidative stress
(53). It is hypothesized that this response is an attempt of the
MsrA�=� brain cells to reduce the level of the oxidative mod-
ification to proteins, which may be increased in the absence of
MsrA. In contrast, the levels of the heat-shock protein 1A and
ataxia=telangiectasia mutated homologue (ATM) are reduced
in the MsrA�=� brain, thus reducing the cellular protection
against ROS-mediated damage (53). The altered gene ex-
pression in the MsrA�=� brain may be mediated by oxidation
of specific proteins that play an important role in signaling
processes and synthesis of key proteins in various pathways.
It is still not yet known how multiple processes are simulta-
neously affected by Met oxidation or the mechanisms con-
trolling the net expressed cellular effect in a specific pathway.
Obviously, more-detailed research is required the better to
elucidate the role of Met oxidation of specific proteins in vivo.
Additionally, a clearer understanding of the regulating func-
tion of the Msr system may allow future intervention in
controlling its expression and function under stages of neu-
rodegenerative diseases, including AD.

Parkinson’s disease

As stated earlier, oxidative stress seems to play a role in
the development and progression of neurodegenerative
diseases, including PD. In a comparison with AD, only
limited literature is available for the description and identi-
fication PD-associated carbonylated brain proteins. For ex-
ample, mutations in two enzymes of the ubiquitin system,
parkin and UCH-L1, have been identified as causative ge-
netic defects for certain familial forms of PD (11). Although
UCH-L1 has been implicated in a rare familial form of PD
(26), little is currently known about the role of UCH-L1 in
the sporadic forms of PD. With a proteomics approach,
UCH-L1 was shown to be significantly oxidized in both PD
and AD brains by the addition of carbonyls (18). A signifi-
cant eight- and 10-fold increase in the specific oxidation level
of full-length UCH-L1 was observed in idiopathic AD and
PD brains, respectively, compared with age-matched con-
trols (18). Thus, this provides the first evidence linking oxi-
dative modification of UCH-L1 to sporadic PD. With a
proteomics analyses, five Met residues were found to be
oxidized (Met-1, Met-6, Met-12, Met-124, and Met-179) in
full-length of UCH-L1 (isoform 1) in AD and PD brains.
These Met residues may play a role in altering the structure

and function of UCH-L1 once they are oxidized. It is spec-
ulated that if the oxidized Met residues are not adequately
reduced by the Msr system, it may cause further oxidation,
manifested by the observed carbonyl adducts.

Recently it was shown that familial PD-associated mutation
of I93M in UCH-L1 and the carbonylated UCH-L1 shared
aberrant structural properties. Compared with wild-type
UCH-L1, they exhibit increased insolubility and elevated in-
teractions with multiple proteins (32). Also, interacting of the
mutated or carbonylated UCH-L1 with tubulin modulates the
polymerization of tubulin (32). These observations may ex-
plain the toxicity associated with the mutant form of UCH-L1,
found mostly in familial PD. Perhaps the carbonylated form of
the enzyme contributes to its toxicity as well and may also
constitute one of the causes of sporadic PD (32).

One of the hallmarks of PD is the formation of protein ag-
gregates that develop inside nerve cells, denoted Lewy bodies
(19, 37). These inclusion bodies are composed of aggre-
gated proteins and consist mainly of a-synuclein fibrils (4).
The a-synuclein protein is a presynaptic protein of unknown
function, and the involvement of this protein in PD is still
not clear. However, point mutations in a-synuclein (Ala30Pro
or Ala53Thr) cause rare, autosomal dominant forms of PD
(34, 62). Overexpression of a-synuclein is associated with the
risk of developing PD, whereas the cause of PD is yet to be
established (78). For example, triplication of a nonmutated
form of a-synuclein was found to be associated with the ap-
pearance of symptoms of PD (67). Under normal conditions,
a-synuclein is hypothesized to be folded in a nontoxic form
and to regulate various cellular functions, especially in do-
paminergic neurons (86). When a-synuclein is improperly
expressed or modified, various studies have shown that it
may cause alterations in mitochondrial and proteasomal
function, protein aggregation, and accumulation of ROS (36,
65, 70, 84).

Yeast cells have been used to study events related to
a-synuclein toxicity. This toxicity was shown to be pro-
nounced mostly in stationary-phase growth, mediated by
increased cellular oxidative stress and decreased proteasomal
function (17, 60, 61, 85). The monomeric a-synuclein forms
fibrils at a relatively slow rate and is not commonly found in
healthy cells. Thus, modifications that alter the physical
properties of the a-synuclein may be involved in protein
oligomerization. Furthermore, PD does not occur in the
younger population, suggesting that an age-associated factor
contributes to these abnormal modifications. A widely ac-
cepted hypothesis is that this factor is an increased level of
oxidative stress that is associated with PD, aging, and other
neurodegenerative diseases. Indeed, oxidative stress and in-
creased cellular a-synuclein levels promote its aggregation
(25, 29). For example, H2O2-mediated oxidation can cause
posttranslational modifications to proteins, commonly on the
sulfur-containing residues Met and Cys. The a-synuclein
protein does not have Cys residues but contains four Met
residues that have been shown to be readily oxidized in vitro.
Thus, under conditions of oxidative stress, MetO-a-synuclein
can form fibrils when triggered by certain metals (e.g., Zn2þ,
Al3þ) in vitro (87). Furthermore, cellular conditions such as
higher a-synuclein protein concentrations (22) and a saline
environment (51) could increase the rate of a-synuclein fibril
formation. One hypothesis to explain the late onset of PD (and
other neurodegenerative diseases) is that disease occurs in
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aging neurons when the capacity of the quality-control system
to cope with accumulating misfolded proteins is exceeded (10,
79). Accordingly, it was shown to be possible to mimic this
situation and to exceed the quality-control system of yeast, by
increasing a-synuclein expression (57).

To investigate the possible link between protein carbonyl-
ation, a compromised Msr system, and a-synuclein in the
development of PD, we present here new relevant data.
Accordingly, to elucidate the effect of a-synuclein and its
mutants on the accumulation of protein-carbonyl under con-
ditions favoring Met oxidation, the proteins were expressed in
both a WT stain and in msrA-null (MT) yeast strains [yeast
strains: the MT (Mata DmsrA::URA3 his6 leu2) strain and its
parent WT strain were obtained from previous studies by
Moskovitz et al. (45)].

Overexpressing human a-synuclein in yeast

The human a-synuclein protein and its mutants were
overexpressed in MT and WT yeast strains. The expression
vector pYES6 is designed for inducible expression of re-
combinant proteins in Saccharomyces cerevisiae. This vector
harbors the yeast GAL1 promoter for high-level inducible
protein expression in yeast by galactose and repression by
glucose. In addition, it has a C-terminal peptide encoding
the V5 epitope and polyhistidine (6His) tag for detection and
purification of the recombinant fusion protein (in this case,
a-synuclein). Additionally, the vector contains the ampicil-
lin and blasticidin resistance genes for selection of bacteria
and yeast colonies harboring the plasmid, respectively.
Three forms of the human a-synuclein cDNA [wild-type
(a-synuclein) and naturally occurring mutants: Ala53Thr
(SynA53T) and Ala30Pro (SynA30P)] were inserted into the
pYES6 vector, keeping the sequence in frame with the 6His
peptide. For that purpose, suitable 5’ forward and 3’ reverse
complement primers (harboring HindIII and XbaI restriction
sites, respectively) were designed and used with each of the
three a-synuclein cDNAs (kindly provided by Dr. Mikiei
Tanaka, NIH, NHLBI) in a routine PCR procedure. Then the
resulting PCR products were subcloned into the suitable
complementary restriction sites on the pYES6 and trans-
formed into bacterial cells (DH5a). Each of the desired
plasmids was isolated from bacterial cells, selectively grown
on media containing ampicillin, and then transformed into
WT and MT yeast strains. Vector-transformed cells served as
controls for the a-synuclein–expressed yeast cells. After
growth selection on media containing blasticidin, all the
transformed yeast strains (WT and MT containing either the
vector only, vector containing a-synuclein, or vector con-
taining either SynA53T or SynA30P) were grown in the
presence of induction media containing 2% galactose and 1%
raffinose for up to 24 h. At various times, equal amounts of
cells were taken from each culture [as determined by optical
density (OD600nm)] and extracted with glass beads and a bead-
beater homogenizer apparatus (BioSpec Products, Bartles-
ville, OK). Finally, the a-synuclein proteins were purified
from the corresponding extracts by using of ProBond Nickel-
Chelating Resin by following the commonly applied purifi-
cation procedure (Invitrogen). Equal volumes of purified
a-synuclein proteins were subjected to SDS–gel electropho-
resis and detected with Western blotting by using antibodies
specific to the 6His tag.

Protein carbonyl determination

Disrupted yeast cell protein extracts were monitored for
their protein-carbonyl content with the use of the Western
blot–based carbonyl-assay kit manufactured by Cayman
Chemical (Ann Arbor, MI). In brief, both yeast strains with
the sham vector (control) and the three types of a-synuclein
(a-synuclein, SynA30P, SynA53T) were grown in the pro-
tein-expression induction media for 2 h. Next, cells were
precipitated and disrupted by glass beads in the presence of
phosphate-buffered saline and a protease inhibitors cocktail
(Roche). After high-speed centrifugation, equal amounts
of the soluble protein extracts were reacted with 2,4-
dinitrophenylhydrazine (DNPH), subjected to SDS–gel
electrophoresis, and detected with Western blotting by using
antibodies specific to DNP. In addition, quantification of the
relative amounts of the carbonylated proteins in the corre-
sponding extracts was performed by monitoring the absor-
bance of the DNPH-protein derivatives at 370 nm.

FIG. 8. Accumulation of carbonylated proteins in MT and
WT yeast cells expressing a-synuclein and control vector.
Both yeast strains with the sham vector control (Vec) and the
three types of a-synuclein (Syn, A30P, A53T) were grown in
the protein expression–induction medium for 2 h. Then cells
were precipitated and disrupted with glass beads in the
presence of buffer and a protease-inhibitor cocktail. After
high-speed centrifugation, equal amounts of the soluble
protein extracts were reacted with DNPH and subjected both
to (A) SDS-gel electrophoresis and detection by Western
blotting by using antibodies specific to DNP (W, wild-type
yeast strain; M, msrA-null MT yeast strain); and to (B)
readings by spectrophotometer at OD370 nm. Black bars, WT
yeast cells; white bars, MT yeast cells. Vector, Syn, A30P, and
A53T represent sham vector, nonmutated a-synuclein, A30P
a-synuclein, and A53T a-synuclein–harboring cells, respec-
tively. Error bars represent standard error (n¼ 3). *p< 0.05;
**p< 0.001 by t test.
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Previously we showed that after oxidative stress or non-
replicative senescence, MT cells accumulate increased levels
of protein carbonyl (52). Moreover, accumulations of carbo-
nylated proteins have been shown to cause inhibition of
degradation with age (76). Together, it suggests that further
protein oxidation prompted by Met oxidation may lead to the
accumulation of carbonylated proteins, especially in the
a-synuclein–expressing MT strain. As shown in Fig. 8, com-
pared with vector-transformed yeast (control), a significant
increase in the levels carbonylated proteins was observed
when a-synuclein was expressed, especially in the MT strain
expressing SynA30P. The latter massive accumulation of
carbonylated proteins in the SynA30P expressed in MT cor-
relates with the prominent inhibition of SynA30P degra-
dation into shorter peptides (unpublished data). It is thus
suggested that enhanced protein–carbonyl accumulations
in the MT strain may be due to an increased oxidation
prompted by MetO (that may cause conformational changes
to proteins, leading to further irreversible oxidation), along
with a-synuclein inhibition of degradation (especially by the
SynA30P type).

Supportive evidence on the effect of SynA30P expression
on protein carbonylation comes from a proteomics analysis of
transgenic mice overexpressing SynA30P (63). In this study, it
was shown that more than twofold selective increases in
specific carbonyl levels of three proteins occurred in brains of
SynA30P mice: carbonic anhydrase 2, a-enolase, and lactate
dehydrogenase 2. Furthermore, activity analyses of these
oxidized proteins showed decreased functions in these en-
zymes as well. Accordingly, the authors suggested that pro-
teins associated with impaired energy metabolism and
mitochondria are particularly prone to oxidative stress asso-
ciated with A30P-mutant a-synuclein (63). It is hypothesized
that a cross between a transgenic mouse overexpressing Sy-
nA30P and the MsrA�=� mouse will exacerbate the increase
in protein-carbonyl levels, both in these selected proteins and
in other proteins yet to be identified.

Conclusions

The consequence of events leading from methionine oxi-
dation to the formation and accumulation of protein-carbonyl
is yet to be determined. So far, it is hypothesized that oxida-
tion of specific methionine residues may cause structural
changes to a protein, unfold it, and foster carbonylation to
otherwise hidden amino acid residues. The resulting carbo-
nylated protein can then be resistant to degradation, accu-
mulate, and interfere with normal cellular processes. Other
explanations of the suggested association between methio-
nine oxidation and protein carbonylation may be possible. For
example, oxidation of critical methionine residues in antioxi-
dant enzymes or enzymes involved in metabolizing lipid- or
sugar-derived carbonylating electrophiles may increase the
levels of protein carbonylation. Additionally, inhibition of
enzymes involved in degrading carbonylated proteins may
enhance the accumulation of cellular protein-carbonyls. The
accumulation of protein-carbonyl adducts may be related to
the occurrence of aging and age-associated diseases. Among
most relevant diseases are neurodegenerative diseases, in-
cluding AD and PD. Accordingly, it is hoped that adequate
reversal of methionine oxidation by the methionine sulfoxide
reductase system may prevent further irreversible protein

oxidation (including carbonylation) and thus protect against
the development of disease.
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Abbreviations Used

Cys¼ cysteine
Met¼methionine

MetO¼methionine sulfoxide
Msr¼methionine sulfoxide reductase

msrA null¼msrA-KO
PD¼Parkinson’s disease

ROS¼ reactive oxygen species
SynA30P¼ a-synuclein mutated at position 30
SynA53T¼ a-synuclein mutated at position 53

WT¼wild type
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