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We recently developed a sensitive method using biotin-N-maleimide (biotin-NM) as a probe to
positively identify oxidized mitochondrial proteins. In this study, biotin-NM was used to identify
oxidized cytosolic proteins in alcohol-fed mouse livers. Alcohol treatment for 6 wk elevated the
levels of CYP2E1 and nitrotyrosine, a marker of oxidative stress. Markedly increased levels of oxi-
dized proteins were detected in alcohol-fed mouse livers compared to pair-fed controls. The biotin-
NM-labeled oxidized proteins from alcohol-exposed mouse livers were subsequently purified with
streptavidin-agarose and resolved on 2-DE. More than 90 silver-stained protein spots that displayed
differential intensities on 2-D gels were identified by MS. Peptide sequence analysis revealed that
many enzymes or proteins involved in stress response, chaperone activity, intermediary metabo-
lism, and antioxidant defense systems such as peroxiredoxin were oxidized after alcohol treatment.
Smaller fragments of many proteins were repeatedly detected only in alcohol-fed mice, indicating
that many oxidized proteins after alcohol exposure were degraded. Immunoblot results showed
that the level of oxidized peroxiredoxin (inactivated) was markedly increased in the alcohol-exposed
mouse livers and ethanol-sensitive hepatoma cells compared to the corresponding controls. Our
results may explain the underlying mechanism for cellular dysfunction and increased susceptibil-
ity to other toxic agents following alcohol-mediated oxidative stress.
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1 Introduction

It is well established that heavy alcohol consumption for
extended periods of time negatively affects physiological
functions of many cells and may ultimately lead to various
organ damage if not properly treated or managed [1–5]. The
adverse effects and damage caused by alcohol alone or in
combination with other factors can be partly attributed to
reactive oxygen and nitrogen species (ROS/RNS) produced
during and after alcohol exposure, because the severity of
some damage can be alleviated by simultaneous treatment
with various antioxidants especially at the early stages. The
molecular mechanisms contributing to alcohol-mediated
tissue damage have been investigated using several animal
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models including rodents [6] as well as cultured cells such as
E47 HepG2 human hepatoma cells transduced with ethanol-
induced CYP2E1 [7] and WIF-B hybrid cells [8]. Chronic
alcohol exposure is known to induce various proteins/genes
such as ethanol-inducible cytochrome P4502E1 (CYP2E1) [9,
10], stress-related heat shock proteins [11], and inducible
nitric oxide synthase (iNOS) [12] (unpublished observations).
Alcohol is also known to directly inhibit the mitochondrial
function especially at the levels of complex I and III [13],
leading to greater production of ROS. Furthermore, ROS
could be produced by xanthine oxidase [14] and NADPH
oxidase [15, 16] activated after alcohol treatment. For
instance, CYP2E1 catalyzes the metabolisms of various small
molecule substrates such as alcohol, acetone, benzene, pyr-
idine, acetaminophen, nitrosamine derivatives, etc. [17, 18].
ROS is produced during CYP2E1-mediated metabolism of
the potentially toxic substrates [19] and even in the absence of
its substrates [20]. Nitric oxide, produced through induction
of iNOS, may contribute to increased nitrosative stress such
as production of more toxic peroxynitrite anion (ONOO2) in
the presence of ROS [21]. On the other hand, chronic alcohol
exposure reduces the levels of cellular protectants such as
glutathione and other antioxidants [1–5]. All these changes
lead to markedly elevated oxidative and nitrosative stress,
which can negatively affect the target DNA, proteins, and
lipids. Subsequently, following alcohol-mediated changes in
these proteins, target cells or tissues undergo stressful con-
ditions and become more vulnerable to the cellular damage
especially in the presence of additional damaging factors
such as pro-inflammatory cytokines, hepatitis viruses, drugs,
and smoking. We hypothesized that ROS-mediated oxidation
of certain cysteinyl residues of target proteins may negatively
influence their physiological function, leading to increased
susceptibility to other toxic substances resulting in more
grave, irreversible organ damage. Despite the well-estab-
lished effect of alcohol on ROS/RNS production and cellular
dysfunction with reduced energy metabolism [1–5], it is
poorly understood which proteins are oxidized and whether
their biological functions are altered. To address this prob-
lem, we have recently developed a sensitive method to posi-
tively identify oxidized proteins in the mitochondria from
alcohol-exposed E47 HepG2 hepatoma cells and mouse liver
[22]. The aim of this work was to extend our targeted prote-
omics approach to identify cytosolic proteins that are oxi-
dized after alcohol exposure and study their functional
alteration following oxidation of cysteinyl residues of target
proteins.

2 Materials and methods

2.1 Chemicals and other materials

Biotin-conjugated N-maleimide (biotin-NM), N-ethyl-mal-
eimide (NEM), DTT, polyclonal antibodies to 3-nitrotyrosine,
and agarose-conjugated mAb against biotin (agarose-MAb-

biotin) were obtained from Sigma Chemicals (St. Louis, MO,
USA) in highest purity. All tissue culture media including
fetal bovine serum, antibiotics, horse radish peroxidase
(HRP)-conjugated streptavidin, and streptavidin-agarose
were purchased from Invitrogen (Carlsbad, CA, USA). Pro-
tease inhibitor cocktail was purchased from EMD Bio-
sciences-Calbiochem (San Diego, CA, USA). Immobiline
DryStrips (pH 3–10 and 4–7) and Sephadex G25 spin col-
umns were obtained from Amersham Biosciences (Uppsala,
Sweden). Specific antibodies to native peroxiredoxin (Prx) or
hyperoxidized Prx-SO3 were kindly provided by Dr. Sue Goo
Rhee (National Institutes of Health, Bethesda, MD, USA)
[23, 24]. Other materials not listed here were as described
elsewhere [22, 25, 26].

2.2 Animal maintenance and pair-feeding

Young male C57BL/6 mice from the NIH Small Animal
Section (n = 4 per group) were maintained on a 12-h light–
dark cycle in accordance with the NIH guidelines for small
animals. Individually housed mice were fed a Lieber–DeCarli
alcohol liquid diet (with 35% daily calories derived from
ethanol; Bio-Serv, Frenchtown, NJ, USA) for 6 wk. Body
weight and food consumption of each animal were measured
every day. Based on the alcohol diet consumption, the same
amounts of isocaloric dextrose control diet were provided to
pair-fed control mice, as described elsewhere [27, 28].

2.3 Labeling of oxidized proteins with biotin-NM

All buffers used in this study were freshly pre-equilibrated
with nitrogen gas for at least 30 min to remove dissolved
oxygen. To prepare cytosolic fractions, each mouse liver
freshly obtained from the pair-fed control or alcohol-fed
group (n = 4 per group) was rinsed with cold PBS to remove
blood, homogenized with three volumes of STE buffer
(250 mM sucrose, 50 mM Tris-Cl, pH 7.5, and 1 mM EDTA
with protease inhibitor cocktails), and subjected to cen-
trifugation at 105 0006g for 30 min at 47C. After centrifuga-
tion, the supernatant fractions were carefully transferred to
other tubes and used as cytosolic proteins. The pellets were
resuspended in Tris-buffer (50 mM Tris-Cl, pH 7.5, 1 mM

EDTA and protease inhibitors) and used as microsomal pro-
teins. The concentration of the cytosolic and microsomal
proteins was determined using the BioRad protein assay kit,
as described previously [25]. Labeling of oxidized protein
thiols with biotin-NM was performed using the method of
Suh et al. [22] with the following modifications. Cytosolic
proteins (10 mg/reaction) were incubated with 40 mM NEM
for 20 min at room temperature to block reduced thiols. To
remove excess NEM, the proteins were passed through
Sephadex G25 mini-spin columns that had been equilibrated
with the elution buffer (40 mM HEPES, 50 mM NaCl,
1 mM EDTA, 1 mM EGTA, protease inhibitors, pH 7.4). DTT
was added to the protein eluates at a final concentration of
5 mM and the solution was incubated for 20 min at room
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temperature to reduce the oxidized disulfides and mixed
sulfides. Aliquots of biotin-NM (2 M stock in DMSO) were
added to the protein eluates at a final concentration of 6 mM.
Excess biotin-NM was removed by passing the biotin-NM-
labeled protein mixture through a second Sephadex G25
mini-spin column pre-equilibrated with the elution buffer.
Equal amounts of the biotin-NM-labeled proteins were af-
finity purified with streptavidin-agarose beads. The biotiny-
lated proteins were washed twice with the elution buffer with
protease inhibitors and 1% CHAPS to remove any non-
specifically bound proteins. The biotin-NM-labeled proteins
bound to the streptavidin-agarose beads were dissolved in
Laemmli 1-D gel buffer or 2-D gel buffer (8 M urea,
20 mM DTT, 2% CHAPS, 0.5% IPG buffer, pH 3–10 or 4–7)
30 min before IEF on dry IPG strips (non-linear pH gradient
of 3–10 or 4–7) at 50 000 Vh, as recommended by the manu-
facturer.

2.4 Cell lines and cell culture

E47 HepG2 human hepatoma cells with transduced human
CYP2E1 [7] were kindly provided by Dr. Arthur I.
Cederbaum (Mount Sinai Medical School, New York, NY,
USA) and maintained as recently described [22]. When
E47 HepG2 cells reached approximately 70% confluence,
cells were exposed to 100 mM ethanol (freshly diluted in
normal growth media) for indicated times. To prevent etha-
nol evaporation during exposure, each culture dish was
tightly wrapped with Parafilm. After exposure to ethanol for
the indicated times, E47 HepG2 cells were harvested by cen-
trifugation at 25006g for 5 min. The harvested cells were
homogenized with the STE buffer and cytosolic fractions
prepared by centrifugation at 15 0006g for 20 min at 47C.
The supernatant fractions were carefully transferred to other
tubes and immediately subjected to biotin-NM labeling.
Another batch of cytosolic fractions were rapidly frozen in
dry ice and stored at 280 7C until used for immunoblot
analysis.

2.5 Electrophoresis and immunoblot analyses

Purified biotin-NM-labeled cytosolic proteins were dissolved
in 1-D Laemmli buffer for immunoblot analysis using the
specific antibody against each target protein as indicated in
the text. The antigen detected by the primary antibody was
visualized with the appropriate secondary antibody con-
jugated with HRP for enhanced chemiluminescence (ECL)
detection, as described elsewhere [25, 26].

2.6 Analysis of 2D-PAGE protein bands by MS and

bioinformatics

Purified biotin-NM-labeled proteins were analyzed by 2-D
PAGE, which consisted of an initial IEF step (pH range of 3–
10 or 4–7) followed by a gel electrophoresis separation on a
10% gel, and subsequent staining with Silver Stain Plus

according to the manufacturer’s protocol. Each gel was
scanned with a Molecular Dynamics Personal Densitomer SI
and analyzed with ImageQuant software (Amersham Bio-
sciences). Protein spots of interest (increased intensity after
alcohol exposure) were excised from the gels using a razor
blade and quickly frozen in dry ice until further MS analysis.
In-gel digestion of silver-stained protein gel spots, micro-
capillary (m)RPLC–MS/MS and bioinformatic analyses were
performed as described recently [22, 29,30].

3 Results

3.1 Increased levels of CYP2E1 and nitro-tyrosine in

alcohol-fed mouse liver

To demonstrate increased oxidative stress in our tissue sam-
ples after alcohol exposure, we determined that the levels of
nitro-tyrosine (3-NT) served as a marker for oxidative stress.
Microsomal proteins from alcohol-fed mice and pair-fed
control mice were separated on 1-D polyacrylamide gels and
stained with CBB to verify that similar amounts of protein
were used for each lane (Fig. 1A, top). Consistent with pre-
vious results [27, 28], the hepatic levels of CYP2E1 (Fig. 1A,
bottom) were markedly increased in alcohol-fed mouse. The
amount of 3-NT in the cytoplasm (Fig. 1B, top) determined
by immunoblot analysis was significantly higher in alcohol-
fed mice compared to pair-fed control animals, while the
amount of actin was similar in all samples examined
(Fig. 1B, bottom).

Figure 1. Increased levels of CYP2E1 and 3-nitrotyrosine in alco-
hol-fed mouse liver. (A) Equal amounts of microsomal proteins
(10 mg/well) from the livers of control mice or alcohol-fed mice for
6 wk (n = 2 per lane) were separated on 10% SDS-PAGE, trans-
ferred to PVDF-Immobilon membranes, and stained with CBB
(top) or subjected to immunoblot analysis by using anti-CYP2E1
antibody (bottom). The CYP2E1 protein band is indicated with an
arrow. (B) Equal amounts (15 mg/lane) of freshly isolated cyto-
solic proteins from the same set of mouse livers were separated
on 10% SDS-PAGE and subjected to immunoblot analyses using
specific antibodies against 3-nitrotyrosine (3-NT) (top) or b-actin
(bottom). Specific protein bands recognized by the antibodies
against 3-NTare designated with arrows. This figure represents a
typical result from two separate experiments.
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Figure 2. Increased oxidation of cytosolic proteins in alcohol-fed
mouse liver and E47 HepG2 cells. (A) Purified biotin-NM-labeled
cytosolic proteins (20 mg/well, n = 2 per lane) from pair-fed con-
trol and ethanol-fed mice for 6 wk were separated on 10% SDS-
PAGE, transferred to PVDF-Immobilon membranes, and sub-
jected to immunoblot analysis using streptavidin-HRP. (B) Biotin-
NM-labeled cytosolic proteins from untreated and E47 HepG2
cells treated with 100 mM ethanol for 8 h were analyzed by
immunoblot analysis using MAb-biotin-HRP. This figure repre-
sents a typical result from two separate experiments.

Immunoblot analysis was performed to determine the
levels of biotin-NM-labeled oxidized proteins using strepta-
vidin-HRP as a probe. A typical pattern of biotin-NM-labeled
oxidized proteins in pair-fed control and alcohol-fed mice is
shown in Fig. 2A. Only a small number of proteins in the
pair-fed control mice appear to be oxidized and thus recog-
nized by streptavidin-HRP (Fig. 2A, lanes 1 and 2). However,
the intensity and the number of oxidized proteins detected
by streptavidin-HRP (Fig. 2A, lanes 3 and 4) were greatly
increased in alcohol-fed mouse liver. Similar results showing
increased levels of biotin-NM-labeled proteins were also
observed in ethanol-sensitive E47 HepG2 cells detected with
MAb-biotin-HRP (Fig. 2B). These results indicate that etha-
nol exposure causes oxidation of various cytosolic proteins
that were efficiently labeled with biotin-NM in both mouse
livers and cultured E47 HepG2 cells.

3.2 Increased oxidation of cytosolic proteins after

alcohol exposure

Because of the increased oxidation of cytosolic proteins after
alcohol exposure, we sought to identify each protein through
labeling with biotin-NM, purification with streptavidin-agar-
ose, separation by 2-DE, and MS protein identification. Typi-
cal patterns of 2-D gels (pH range 3–10) of the oxidized
cytosolic proteins isolated from pair-fed control or alcohol-
fed mice are shown in Fig. 3. Several oxidized proteins
labeled with biotin-NM were detected in the pair-fed control
mouse livers (Fig. 3A). This result may be due to ROS gen-
erated from constitutively expressed hepatic CYP2E1 even in

the absence of its substrates [20] and ROS spontaneously
released from mitochondria even in untreated tissue [31]. To
compare the relative intensities of oxidized protein spots in
different 2-D gels, the intensity of the darkest spot (spot 21
designated with a square) in the control sample (Fig. 3A) was
matched to that of the same protein spot in the 2-D gel for
the ethanol-exposed group (Fig. 3B). Under these conditions,
the number of labeled proteins and the intensities of many
spots in alcohol-fed group were markedly increased com-
pared to those of pair-fed control, although the intensities of
a few spots were unchanged or showed a reduction in the
alcohol-exposed sample. In addition, many proteins were not
separated into individual isolated spots but remained as
aggregated bands in the acidic pI range (5–6). For the pur-
pose of protein identification, 55 spots with increased inten-
sities were picked up from this particular gel (Fig. 3C) and
subjected to further MS analysis.

To resolve the aggregated proteins in the acidic pH range
and verify their identities, we re-analyzed the same set of
cytosolic proteins on 2-D gels using a different pH range (4–
7). Consistent with the data shown in Fig. 3, a small number
of oxidized proteins were detected in the pair-fed control
livers (Fig. 4A). The number and spot intensities of biotin-
NM-labeled proteins were markedly increased in alcohol-fed
mouse livers (Fig. 4B), when the intensity of the darkest spot
(spot 88 designated with a square) in control samples was
matched with that of the same protein in alcohol-treated
samples. Some of the proteins, well separated in the alkaline
pH range in Fig. 3, aggregated in the pH region between 6
and 7. Despite the aggregation problems, 37 individual spots
with increased intensities after alcohol exposure (Fig. 4C)
were selected for MS identification.

3.3 Summary of protein sequencing analyses

Protein spots excised from the 2-D gels (Figs. 3C and 4C)
were in-gel digested with trypsin, and the extracted peptides
analyzed by mRPLC-MS/MS. The results of the MS analyses
for the oxidized proteins are summarized in Table 1. The
peptide sequence analyses unequivocally established that
many proteins that function as molecular chaperones –
(glucose-regulated protein precursor 78 kDa (GRP78), heat
shock protein 90 (Hsp90), GRP75, Hsp70, Hsp60), protein
folding and structural proteins (protein disulfide isomerase
(PDI), cytokeratin isoforms, and actin), and antioxidant
defensive enzymes (catalase (EC 1.11.1.6), and perox-
iredoxin 1/4 (EC 1.11.1.15, Prx 1/4) – are oxidized by alcohol
exposure. In addition, many enzymes involved in inter-
mediary metabolism such as the folate biosynthesis and the
transmethylation – transsulfuration pathway – for-
myltetrahydrofolate dehydrogenase (EC 1.5.1.6, FTHF-DH),
methionine adenosyl transferase (EC 2.5.1.6, MAT), and S-
adenosyl homocysteine hydrolase (EC 3.3.1.1, SAHH) – and
carbohydrate/energy metabolism – glyceraldehyde-3-phos-
phate dehydrogenase (EC 1.2.1.12, GAPDH), phosphoglu-
comutase (EC 5.4.2.2) – were oxidized after chronic ethanol
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Figure 3. Separation of biotin-NM-
labeled cytosolic proteins from mouse
livers by 2-DE. Biotin-NM-labeled cyto-
solic proteins from pair-fed control (A)
and alcohol-fed mouse livers (B) were
purified with streptavidin-agarose,
resolved by 2-DE gels, and silver
stained. Individual protein spots
(spots 1–55) with differential intensities
were marked with different numbers,
excised out of this particular gel (pH
range 3–10), and subjected to MS analy-
sis following in-gel trypsin digestion.
Spot 21, designated with a square, was
used as an internal standard for com-
parison purposes between the two dif-
ferent gels for pair-fed control and alco-
hol-fed mouse livers. Protein spots with
similar or decreased intensities after
alcohol exposure are designated with
circles in C.

treatment. Our results also indicate that a few mitochondrial
or nuclear proteins, present as minor contaminants in this
particular cytosolic preparation, were also oxidized by etha-
nol-mediated ROS (Table 1).

Peptide sequencing results also reveal that the observed
Mr and pI values of many proteins do not match well to those
of the calculated values (Table 1). These differences could
result from random or uneven degradations of proteins to
smaller fragments and potential PTMs of certain proteins. In
fact, many proteins such as catalase, PDI A3 precursor, pro-
lyl 4-hydroxyase, cytokeratins, and actin exhibited different
pI values with small changes in their molecular weights on
2-D gels, suggesting potential PTMs of these proteins. We
also observed that the molecular weights of some proteins
such as a-actin (spot 10) and thioredoxin (spot 23) turned out
to be larger than their expected sizes, suggesting potential
aggregation or cross-linking products of these proteins fol-
lowing oxidation. Furthermore, smaller fragments of various

proteins including FTDF-DH, GRP78, Hsp70, serum albu-
min precursor, ubiquilin 1, catalase, Hsp60, PDI, sero-
transferrin precursor, cytokeratins, SAHH, actin, and Prx
were repeatedly detected over many spots in alcohol-fed mice
but not in pair-fed control mice (Table 1). These results
strongly suggest increased degradation of these proteins
after oxidation following alcohol exposure.

To confirm the presence of those proteins that were
identified by only one or two peptides (Table 1), additional
peptide sequence analysis was performed on CBB-stained
protein bands separated on 1-D gels following the method of
Lin et al. [32] after purification of biotin-NM-labeled proteins
from alcohol-fed mouse liver (data not shown: available in
Supplementary Table 1). The oxidized proteins verified by
this analysis were: FTHF-DH, Hsp70, phosphoglucomutase,
catalase, selenium-binding protein, arginosuccinate lyase,
MAT, SAHH, a- and b-actins, GAPDH, Prx, retinol dehy-
drogenase, and thioredoxin. These proteins were identified
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Figure 4. Separation of biotin-NM-
labeled cytosolic proteins from mouse
livers on 2-DE. Another batch of biotin-
NM-labeled cytosolic proteins was puri-
fied streptavidin-agarose, resolved on 2-
DE, and silver stained. Clearly separated
protein spots (spots 56–92) were excised
out of this particular gel (pH range 4–7)
and subjected to MS analysis following
in-gel trypsin digestion. Spot 88, desig-
nated with a square, was used as an
internal standard for comparison pur-
poses between the two different gels.

with multiple peptides and are consistent with the corre-
sponding proteins listed in Table 1. Therefore, this additional
peptide analysis supports the presence of various oxidized
proteins despite the small numbers of peptide hits in the
initial MS analysis of the silver-stained spots. From the pep-
tide analysis on the CBB-stained bands, we also detected the
presence of several other cytosolic proteins not listed in
Table 1. These proteins are: aldehyde dehydrogenase 1 and 4,
glutathione S-transferases pi and mu, fructose 1,6-biphos-
phatase, aldolase 2, alpha-keto reductase, nucleoside-di-
phosphate kinase 2, transketolase, methionine sulfoxide
reductase, a-enolase, UDP-glucose dehydrogenase, elonga-
tion factor 1-a, pyruvate kinase liver isoform, phosphoglyce-
rate kinase, cystathionine b-synthase, glycine N-methyl-
transferase, betaine-homocysteine methyltransferase, and
hemoglobin alpha and beta. It is likely that we were unable to
detect these proteins in the original analysis because these
proteins existed in small quantities in the silver-stained gels.
Alternatively, we might have simply missed many other
spots from the 2-D gels, as shown in Figs. 3C and 4C.

3.4 Inactivation of peroxiredoxin following oxidation

in alcohol-fed mice and E47 HepG2 cells

Among the many oxidized cytosolic proteins we identified,
Prx was chosen to test our hypothesis that the oxidation of
critical cysteine residues of target proteins leads to their
inactivation. As shown in Fig. 5A, the levels of total Prx in
control and alcohol-fed mouse livers were similar in all
samples analyzed. However, the inactive form of Prx, recog-
nized by the anti-Prx-SO3 antibody, which recognizes both
sulfinic and sulfonic forms of Prx [24, 25], was not detected
in the control but it was readily detected in the alcohol-fed
mice, suggesting oxidation and inactivation of Prx by alcohol-
mediated oxidative stress.

Because of increased levels of inactive, oxidized Prx
detected in alcohol-fed mouse livers, we also determined
whether Prx can be oxidized in ethanol-sensitive E47 HepG2
hepatoma cells [7, 22] after ethanol was incubated for differ-
ent times. The levels of total Prx were similar in all samples
tested. In untreated cytosol, the level of oxidized Prx was very
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Table 1. Summary of LC-MS/MS peptide sequence analyses for protein identificationa)

Spot
no.

Protein identified No. of peptide
identified

Expected Mr/pI Observed Mr/pI Accession
no.

1 Formyltetrahydrofolate-dehydrogenase* 2 98/5.6 84/7.3 O75891
2 ATPase, ER 6 89/5.1 82/7.9 P55072
3 Serum albumin precursor 8 69/5.9 82/8.3 P02768
4 Glucose-regulated protein precursor 78 kDa 19 72/5.1 76/8.2 P11021
5 Glucose-regulated protein precursor 75 kDa 6 74/5.9 74/7.4 P38646
6 Serotransferrin precursor (Transferrin) 2 77/6.8 74/7.5 P02787
7 Heat shock protein 71

Heat shock protein 70*
9
3

71/5.4
70/5.6

73/7.7
73/7.7

P11142
P54652

8 Serum albumin precursor 1 69/5.9 71/8.7 P02768
9 Ubiquilin 1 3 62/5.0 70/8.7 Q9UMX0

10 Alpha-actin 2* 3 42/5.2 66/8.0 P62736
11 Ubiquilin 1 1 62/5.0 60/7.5 Q9UMX0
12 Heat shock protein 60 2 61/5.7 60/7.6 P10809
13 Protein disulfide isomerase A3 precursor* 3 57/6.0 59/6.6 P30101
14 Catalase* 1 60/6.9 59/6.7 P04040
15 Protein disulfide isomerase A3 precursor* 3 57/6.0 59/6.9 P30101
16 Catalase* 1 60/6.9 59/7.1 P04040
17 Prolyl 4-hydroxylase beta subunit (PDI)* 3 57/4.8 59/7.3 P07237
18 Cytokeratin 1 3 66/8.1 59/7.4 P04264
19 Serum Albumin precursor 1 69/5.9 58/7.9 P02768
20 Prolyl 4-hydroxylase beta subunit (PDI)* 1 57/4.8 58/8.0 P07237
21 Prolyl 4-hydroxylase beta subunit (PDI)* 15 57/4.8 58/8.6 P07237
22 Arachidonate 12-lipoxygenase 1 76/5.8 58/8.8 P18054
23 Thioredoxin* 1 12/4.8 54/6.6 P10599
24 Serum albumin precursor 1 69/5.9 55/6.7 P02768
25 Tryptophan/serine protease 1 55/6.9 Q6UWB4
26 Cytokeratin 10 5 59/5.1 55/7.4 P13645
27 Trypsin I precursor (Trypsinogen) 1 27/6.1 55/7.5 P07477
28 Selenium-binding protein* 1 52/6.1 54/7.4 Q13228
29 UDP-glucose-pyrophosphorylase 1 2 57/7.7 57/7.7 Q07131
30 26S Protease regulatory subunit 6A 1 49/5.1 52/8.2 P17980
31 Dynactin complex 50 kDa subunit 2 44/5.1 51/8.0 Q13561
32 Protein disulfide isomerase A6 precursor* 2 48/5.0 52/7.1 Q15084
33 Argininosuccinate lyase* 1 52/6.5 52/7.3 P04424
34 Cytokeratin 9 3 61/5.1 50/6.8 P35527
35 Cytokeratin 10 2 59/5.1 50.7.1 P13645
36 Cytokeratin 10 2 59/5.1 50/7.3 P13645
37 Cytokeratin 10 2 59/5.1 50/7.6 P13645
38 Methionine S-adenosyltransferase* 1 43/5.9 50/8.1 Q00266
39 Alpha-actin 2* 3 42/5.2 44/7.3 P62736
40 Alpha-actin 2* 3 42/5.2 42/7.9 P62736
41 Beta-actin* 3 42/5.3 42/8.0 P60709
42 Cytokeratin 9 2 62/5.1 43/8.1 P35527
43 S-Adenosyl homocysteine hydrolase* 1 48/5.9 43/8.3 P23526
44 Vitamin D-binding protein precursor 1 53/5.4 41/7.0 P02774
45 Cytokeratins 9 and 10 11 62/5.1 41/7.3 P35527
46 Cytokeratins 1 and 2 11 66//8.1 41.7.6 P35908
47 Calcium-binding protein 39-like 1 39/8.5 41/7.8 Q9H9S4
48 Serotransferrin precursor (Transferrin) 1 77/6.8 37.7.2 P02787
49 Glyceraldehyde-3-phosphate dehydrogenase 1 36/6.6 38/7.6 P00354
50 Serotransferrin precursor (Transferrin) 1 77/6.8 37/8.3 P02787
51 Serum albumin precursor 2 69/5.9 33/8.8 P02768
52 Serum albumin precursor 3 69/5.9 31/7.5 P02768
53 Serotransferrin precursor (Transferrin) 1 77/6.8 31/7.0 P02787
54 Cytokeratin 1 3 66/8.1 23/8.1 P04264
55 Peroxiredoxin 1* 2 22/8.3 22/8.3 Q13162
56 Prolyl 4-hydroxylase beta subunit (PDI)* 2 57/4.8 57/4.8 P07237
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Table 1. Continued

Spot
no.

Protein identified No. of peptide
identified

Expected Mr/pI Observed Mr/pI Accession
no.

57 Prolyl 4-hydroxylase beta subunit (PDI)* 1 57/4.8 53/5.1 P07237
58 Phosphoglucomutase* 1 61/6.3 53/5.0 P36871
59 Catalase* 1 60/6.9 53/5.2 P04040
60 Serum albumin precursor 2 69/5.9 43/5.0 P02787
61 Catalase* 1 60/6.9 43/5.2 P04040
62 Glucose-regulated protein precursor 78 kDa 1 72/5.1 40/4.6 P11021
63 Prolyl 4-hydroxylase beta subunit (PDI)* 2 57/4.8 36/4.7 P07237
64 Prolyl 4-hydroxylase beta subunit (PDI)* 2 57/4.8 35/4.8 P07237
65 Cytokeratin 9 6 62/5.1 32/4.7 P35527
66 Cytokeratin 1 10 66/8.1 32/4.9 P04264
67 Prolyl 4-hydroxylase beta subunit (PDI)* 4 57/4.8 30/4.5 P07237
68 Glucose-regulated protein precursor 78 kDa 2 72/5.1 30/5.0 P11021
69 Alpha-actin 2* 2 42/5.2 29/5.3 P62736
70 Calcium-binding protein 39-like 1 39/8.5 29/5.4 Q9H9S4
71 Serum albumin precursor 3 69/5.9 27/4.6 P02768
72 Glucose-regulated protein precursor 78 kDa 2 72/5.1 27/4.8 P11021
73 Alpha-actin 2* 2 42/5.2 26.5.2 P62736
74 Formyltetrahydrofolate-dehydrogenase* 1 98/5.63 26.5.3 O75891
75 S-Adenosyl homocysteine hydrolase* 1 48/5.9 26/5.5 P23526
76 Cytokeratin 14 and 16 6 52/5.1 26/5.1 P02533
77 Peroxiredoxin 1/4* 2 30/5.9 25/5.1 Q13162
78 Cytokeratin 10 2 59/5.1 24/5.0 P13645
79 Serum albumin precursor 5 69/5.9 21/4.7 P02768
80 Transcription elongation factor B 1 12/4.7 21/4.8 Q15369
81 Prolyl 4-hydroxylase beta subunit 1 57/4.8 21/4.9 P07237
82 Beta-actin* 1 42/5.3 18/4.9 P60709
83 Glucose-regulated protein precursor 78 kDa 3 72/5.1 17/4.8 P11021
84 Calcium-binding protein 39-like 1 39/8.5 17/5.1 Q9H9S4
85 Retinol dehydrogenase 10 (RDH10) 1 12/4.7 13/5.0 Q8IZV5
86 Cytokeratins 1 and 10 5 66/8.1 12/4.9 P04264
87 Alpha-actin 2* 1 42/5.2 12/4.7 P62736
88 Serum albumin precursor 1 69/5.9 12/4.9 P02768
89 Serum albumin precursor 1 69/5.9 12/5.1 P02768
90 Cytokeratins 1 and 10 8 66/8.1 12/4.6 P04264
91 Cytokeratin 10 1 59/5.1 11/4.9 P13645
92 Cytokeratin 10 1 59/5.1 11/4.8 P13645

a) The presence of certain proteins present in small quantities might have been missed due to their very low abundance on the 2-D gels
and contamination with other proteins that are present in large quantities. Despite the small number of peptides identified for some
proteins, we are confident that those peptides that were identified by MS analysis represent the peptide sequences of listed proteins.
The presence of the proteins marked with asterisks was also confirmed by MS analysis of CBB-stained 1-D gel pieces (Supplementary
Table 1), as described in the text.

low and undetectable. However, even after 2 h of incubation
with ethanol, oxidized Prx was recognized with the specific
antibodies (Fig. 5, top panel). Alcohol-mediated oxidation of
Prx was persistent and hyperoxidized Prx (Prx-SO3)
remained elevated up to 48 h after ethanol exposure. In this
case, ethanol may also inhibit the function of sulfiredoxin,
which usually restores Prx function [24]. Another result with
antioxidized Prx antibody showed that this protein is oxi-
dized within 60 min of alcohol exposure, which may con-
tribute to the increased peroxide levels in E47 HepG2 cells as
well as mouse liver exposed to alcohol.

4 Discussion

It is well established that chronic alcohol exposure for ex-
tended periods results in adverse conditions with increased
susceptibility toward many disease states partly through
increased oxidative and nitrosative stress [1–5]. In addition to
increased levels of ROS/RNS production through various
mechanisms, alcohol is known to reduce the levels of cellular
antioxidants such as glutathione, S-adenosylmethionine and
tocopherol [1–5]. Recent studies showed that chronic admin-
istration of alcohol alone or in combination with a folate-
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Figure 5. Inactivation of peroxiredoxin through oxidation after
alcohol exposure. (A) Equal amounts (20 mg/well) of cytosolic
proteins from pair-fed control and alcohol-fed mice were sepa-
rated on a 12% SDS-polyacrylamide gel and subjected to immu-
noblot analysis using a specific antibody which recognizes either
oxidized Prx-SO3 (inactive form) or Prx (total). (B) Equal amounts
(20 mg/well) of cytosolic proteins from E47 HepG2 cells untreated
or treated with 100 mM ethanol for indicated times were sub-
jected to immunoblot analysis using specific antibodies to Prx-
SO3 or Prx. This figure represents a typical result from three
separate experiments.

deficient diet causes significant reduction of various
enzymes involved in the transmethylation and transsulfura-
tion pathways [33, 34]. Alcohol alone can reduce the activities
of SAHH [34] and methionine synthase [35]. In addition,
significantly decreased activities of MAT were observed in
cirrhotic patients [36]. Despite these reports on alcohol-
mediated alterations of the enzymes involved in the trans-
methylation and transsulfuration pathways [33–36], there is
little information about direct evidence of oxidation and
subsequent inactivation of oxidized proteins after alcohol
treatment. In order to elucidate the uncertain mechanistic
aspects of enzyme inhibition, we have recently developed a
sensitive method to positively identify oxidized proteins.
This method was successfully used to identify oxidized
mitochondrial proteins in ethanol-exposed E47 HepG2
hepatoma cells and alcohol-fed mouse livers. In this report,
we extended our effort to identify cytosolic proteins that are
oxidized under alcohol-mediated oxidative stress, as demon-
strated by elevated levels of 3-NT and CYP2E1. Our results
clearly showed that chronic ethanol treatment caused oxida-
tion of many proteins, based on greatly increased numbers
and intensities of biotin-NM-labeled oxidized proteins in
alcohol-exposed samples (mouse livers and hepatoma cells)
than their control counterparts.

Berlett and Stadtman [37] have reviewed that many
amino acids such as cysteine, methionine, histidine, lysine,
tyrosine, and other amino acids can be oxidized. Oxidation

of these amino acids in many enzymes usually leads to
irreversible inactivation of their catalytic activities, although
some oxidized cysteines (i.e., disulfide and sulfenic acid)
and methionine-sulfoxide can be reduced to cysteine and
methionine, respectively, under proper conditions [37, 38].
The aggregated degradation products or cross-linked pro-
teins were also observed in human and animal tissues
especially after aging [39, 40] and in human alcoholics or
alcohol-fed animals [41, 42]. In addition, oxidized proteins
become spontaneously degraded or more sensitive to pro-
teolytic degradation as demonstrated in various model sys-
tems [43–45]. Despite the possibilities of oxidative mod-
ifications of many other amino acids under alcohol-medi-
ated oxidative stress, we only concentrated on oxidation of
cysteine residue because biotin-NM is a specific reagent that
interacts with the reduced cysteine. Our method of labeling
oxidized protein cysteines with biotin-NM is likely to detect
various forms of oxidized cysteine residues such as intra-
molecular or intermolecular disulfides, mixed disulfides
with glutathione, nitrosylated cysteines and protein sulfenic
acids [46], because these oxidatively modified cysteine resi-
dues can be efficiently reduced to -SH groups in the pres-
ence of reducing agents such as glutathione, thioredoxin,
and DTT (used in our study) and thus be labeled by biotin-
NM [22]. Oxidation of protein thiols detected in the current
study may be related to the reversible cycles between di-
sulfides and reduced thiols during their catalytic reactions,
as exemplified with Prx [23, 24]. Alternatively, oxidation of
some protein thiols may represent actual inactivation of
their enzyme activities through peroxynitrite-mediated
nitrosylation of their cysteine residues, as demonstrated
with MAT [47], and GAPDH [48] under oxidative/nitrosative
stress. It is possible that inactivation of other proteins may
also be facilitated by concomitant oxidation of other critical
amino acids such as methionine and histidine in addition to
the cysteine residues [37]. Furthermore, our current results
with repeated detection of smaller fragments of various
proteins such as FTHF-DH, GRP78, transferrin, albumin,
catalase, Hsp60, PDI, actin, and Prx detected in alcohol-fed
mice provide direct evidence that alcohol-mediated oxidized
proteins are more susceptible to degradation. Since the cor-
responding protein spots of these protein fragments were
either absent or present in very low quantities in pair-fed
control mice, these results clearly show that oxidized pro-
teins, labeled by biotin-NM and confirmed by MS analysis,
are more susceptible to spontaneous or enzymatic degrada-
tion. Similarly, degraded fragments of mitochondrial pro-
teins were also detected in our recent study with alcohol-
exposed E47 HepG2 cells [22]. Taken together, to our
knowledge, our results represent the first report on
increased degradation of many oxidized proteins in mam-
malian tissues under alcohol-mediated oxidative stress. The
questions regarding whether degraded fragments of oxi-
dized proteins are accumulated in the cells and thus nega-
tively affect cellular functions are not known and warrant
further investigation.
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Oxidized proteins are known to be preferentially degra-
ded by non-lysosomal proteasomes [49, 50]. However,
chronic alcohol treatment significantly inhibits the lysoso-
mal and non-lysosomal (proteasomal) activities, leading to
hepatic accumulation of various proteins after alcohol
administration [51–53]. Consistent with these reports [51–
53], CYP2E1 levels in the liver and other tissues have been
shown to be increased by alcohol or acetone mainly through
inhibition of proteasomal degradation [27, 54, 55]. Therefore,
our current results suggesting increased degradation of oxi-
dized proteins may not be related to the alcohol-mediated
suppression of proteasomal degradation of proteins. Based
on this reason, the oxidized proteins might undergo sponta-
neous degradation or fragmentation possibly through oxida-
tion of proline residues in the protein backbones [37]. Alter-
natively, oxidized proteins may become more susceptible to
certain proteolytic enzymes such as metalloproteinases that
may be activated upon alcohol exposure [56]. In addition, it is
unknown whether smaller protein fragments may be secret-
ed into the serum and serve as autoimmunogens, leading to
increased sensitivity toward cellular dysfunction and dam-
age. In fact, alcoholic humans and alcohol-treated animals
are known to possess autoimmune antibodies against var-
ious cellular proteins such as CYP2E1 itself or other acet-
aldehyde-protein adducts [57, 58]. Therefore, it would be of
interest to investigate whether these small fragments of
degradation products serve as autoimmunogens, similar to
the E2 subunit of mitochondrial pyruvate dehydrogenase
complex in primary biliary cirrhosis [59]. These possibilities
are being explored in our laboratory.

Our results of alcohol-mediated oxidative modification of
Prx and other enzymes are consistent with earlier results that
oxidation of certain proteins such as Prx and GAPDH led to
inactivation of their catalytic activities [23, 24, 48]. Oxidation
of Prx and inactivation could take place rapidly (as early as
1 h after alcohol exposure) and is consistent with the
increased peroxide level detected by dichlorofluorescein
fluorescence, a well-established indicator of ROS, in
E47 HepG2 cells [7, 22]. Our results suggest that alcohol
appears to oxidize Prx thiols to the reversible forms of dis-
ulfide and sulfenic acid as well as the hyperoxidized forms of
sulfinic and sulfonic acids. Because of the persistent increase
in the levels of hyperoxidized Prx for up to 48 h, ethanol
appears to inhibit the function of sulfiredoxin, which
restores the function of Prx [24]. Furthermore, our data indi-
cate the oxidation of many proteins involved in the trans-
methylation and transsulfuration pathways. We are in the
middle of investigating whether oxidation of these proteins
would cause reduction of their activities. If the reduced ac-
tivities of these proteins are observed, the results may explain
the recent findings of the suppressed activities of enzymes
such as SAHH and MAT but also provide underlying
mechanistic information for the reduced levels of S-adeno-
sylmethionine and glutathione after alcohol treatment [1–5,
33–36]. Subsequently, the stressful conditions with reduced
levels of antioxidants and inhibition of key enzymes with

increased ROS/RNS through induced CYP2E1 and iNOS
may predispose the tissues more susceptible to irreversible
damage in the presence of additional pathogenic factors such
as hepatitis viruses or toxic drugs, as frequently observed in
many alcoholic individuals [60–62].

In conclusion, our current results using a biotin-NM tar-
geted proteomic approach to identify oxidized proteins reveal
that many cytosolic proteins are oxidized by chronic alcohol
exposure. Similar patterns of oxidized cytosolic proteins were
also observed in cultured hepatoma cells. Many cytosolic
proteins that are oxidized after alcohol exposure were
unambiguously identified. Detection of smaller fragments of
many cytosolic proteins also provides evidence that oxidized
proteins are easily degraded either by spontaneous degrada-
tion or increased susceptibility toward proteolytic enzymes.
Alcohol-related oxidative inactivation of certain key enzymes
may explain the underlying reason for alcohol-mediated oxi-
dative stress and cellular dysfunction.
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