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Abstract
Hepatic oxidative stress and subsequent lipid peroxidation are well-recognized consequences of
sustained ethanol consumption. The covalent adduction of nucleophilic amino acid side-chains by
lipid electrophiles is significantly increased in patients with alcoholic liver disease (ALD); a
global assessment of in vivo protein targets and the consequences of these modifications, however,
has not been conducted. In this report, we describe identification of novel protein targets for
covalent adduction in a 6-week murine model for ALD. Ethanol-fed mice displayed a 2-fold
increase in hepatic TBARS while immunohistochemical analysis for the reactive aldehydes 4-
hydroxynonenal (4-HNE), 4-oxononenal (4-ONE), acrolein (ACR) and malondialdehyde (MDA)
revealed a marked increase in the staining of modified proteins in the ethanol-treated mice.
Increased protein carbonyl content was confirmed utilizing subcellular fractionation of liver
homogenates followed by biotin-tagging through hydrazide chemistry, where approximately a 2-
fold increase in modified proteins was observed in microsomal and cytosolic fractions. To
determine targets of protein carbonylation, a secondary hydrazide method coupled to a highly
sensitive 2-dimensional liquid chromatography tandem mass spectrometry (2D LC-MS/MS or
MuDPIT) technique was utilized. Our results have identified 414 protein targets for modification
by reactive aldehydes in ALD. The presence of novel in vivo sites of protein modification by 4-
HNE (2), 4-ONE (4) and ACR (2) was also confirmed in our data set. While the precise impact of
protein carbonylation in ALD remains unknown, a bioinformatic analysis of the data set has
revealed key pathways associated with disease progression, including fatty acid metabolism, drug
metabolism, oxidative phosphorylation and the TCA cycle. These data suggest a major role for
aldehyde adduction in the pathogenesis of ALD.
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Introduction
Increased reactive oxygen species (ROS) and subsequent oxidative stress has been
associated with the pathogenesis of numerous disease states including Alzheimer's,
atherosclerosis, diabetes, cancer and non-alcoholic- and alcoholic liver disease (ALD).1-4

ROS are known to interact with numerous biological targets including proteins, DNA and
lipids,5 the last of which can result in the generation of reactive aldehydes. These highly
reactive aldehydes can modify nucleophilic targets, namely the amino acid side-chains of
lysine, arginine, histidine and cysteine residues, reactions generally achieved through either
a Schiff-base or Michael-type reaction mechanism.5-7 Among the most studied aldehydic
products of lipid peroxidation, 4-hydroxynonenal (4-HNE), 4-oxononenal (4-ONE), acrolein
(ACR) and malondialdehyde (MDA) have been shown to play a role in the progression of
ALD.8-10 While the reactivity of these aldehydes may differ, they all possess the ability to
modify nucleophilic protein side chains.6, 11

ALD remains a prominent cause of morbidity and mortality in the United States. Among the
most prevalent and predictable outcomes of sustained ethanol consumption is the increased
accumulation of lipids within the liver, termed steatosis; this is mirrored by a markedly
increased oxidative stress profile and provides an ideal environment for lipid
peroxidation.12-14 The enhanced generation of 4-HNE, 4-ONE, ACR and MDA has been
reported in rodent models for ALD, showing substantial increases in aldehyde-adducted
proteins.8-11 While the impact of these modifications was previously assessed on specific
proteins or pathways, a more global approach evaluating the impact of protein carbonylation
on disease progression has not been reported. Given the observed increase in both lipid
accumulation and ROS production, ALD remains an ideal model to investigate the
biochemical consequences of protein carbonylation in a physiologically relevant disease
model.

The relatively low abundance of protein carbonyls in physiological systems has greatly
minimized the number of reported modifications in vivo.15, 16 Previous research in our
laboratory identified protein disulfide isomerase (PDI) as a target for 4-HNE adduction in
vivo, demonstrating one of only a handful of reports to detect a protein adduct in a relevant
disease model.15 Enrichment strategies have recently been described, utilizing carbonyl-
targeted chemical modifiers.17 In a recent publication by Codreanu et al., the application of
biotin hydrazide and mass spectrometry (MS) was utilized to selectively enrich samples for
4-HNE modified proteins in a cell culture system.18 These elegant studies provided
excellent avenues for research into the role of protein carbonylation in disease models of
oxidative stress and lipid peroxidation.

In this report, we utilized a well-characterized murine model for ALD to investigate the role
of protein carbonylation in vivo. After employing multiple enrichment strategies, we
identified a total of 414 targets for aldehyde adduction with the use of 2-dimensional liquid
chromatography MS/MS (2D-LC-MS/MS or MuDPIT); these studies also identified eight
novel sites of in vivo protein adduction generated from 4-HNE, 4-ONE or ACR. The precise
physiological consequences of these adducts remains unknown; thus, we applied
bioinformatic strategies to elucidate the potential impact of protein carbonylation in our
disease model. Consistent with the pathogenesis of ALD, fatty acid metabolism, oxidative
phosphorylation, aldehyde dehydrogenases, drug metabolism and amino acid metabolism
were all found to be significantly enriched in the collection of adducted proteins. These
studies collectively highlight the potential toxicological implications of protein
carbonylation in a physiologically relevant disease model and provide novel mechanistic
information into the pathogenesis of ALD.
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Materials and Methods
Animal Model

All animal procedures were approved by the Institutional Animal Care and Use Committee
of the University of Colorado and were performed in accordance with published National
Institutes of Health guidelines. Male, Wild-Type C57/BL6J mice (12 per group) were
utilized for the analysis and characterization of ethanol-mediated liver damage. Briefly, mice
were fed a modified Lieber-DeCarli liquid based-diet (Bio-Serv, Frenchtown, NJ) for a
period of 6 weeks. The diet consisted of 45% fat-derived calories, 16% protein-derived
calories, and the remaining balance comprised of either maltose-dextrin or ethanol-derived
calories. Ethanol-fed mice began the study on a diet consisting of 2% (v/v) ethanol, with the
ethanol-derived calories increasing on a weekly basis until sacrifice; week 6 consisted of
6.0% ethanol (v/v) or 31.8% ethanol-derived calories. Pair-fed control animals received the
remaining caloric intake from carbohydrate source. Food consumption was monitored daily
and body weights were measured once per week. Upon completion of the study, animals
were anesthetized via intraperitoneal injection with sodium pentobarbital and euthanized by
exsanguination. Livers were excised, weighed, and frozen for biochemical characterization
or subjected to differential centrifugation for subcellular fractionation as previously
described.10 Hepatic thiobarbituric acid reactive substances (TBARS) was measured as
described.19

Immunohistochemical Staining
Following excision, livers were sectioned and placed in 10% neutral buffered formalin for
8h. Samples were processed, embedded in paraffin and mounted on slides by Colorado
HistoPrep (Fort Collins, CO). One pair of slides was stained with hematoxylin and eosin
(H&E) for histological characterization while the remaining slides were subjected to de-
paraffinization and rehydration for immunohistochemical characterization using either
custom antibodies generated in our laboratory directed against 4-HNE, 4-ONE or MDA
modified proteins (Bethyl Laboratories, Montgomery, TX) or ACR modified proteins
(Abcam, Cambridge, MA).

Biotin Derivitization of Protein Carbonyls
Protein collected from subcellular fractionation was incubated in the dark with 5.0mM
Biotin Hydrazide (Pierce, Rockford, IL) for 2h at room temperature while rotating. Samples
were then reduced with 10.0mM sodium borohydride for 1h at room temperature. For the
detection of total protein carbonyls, samples were denatured in loading buffer, separated via
standard SDS-PAGE, transferred to PVDF and blotted for biotinylated proteins using an
anti-biotin antibody (GeneTex, Irvine, CA). Membranes were developed using ECL-Plus
Reagent (GE Healthcare, Piscataway, NJ) and chemiluminescence was visualized using a
Storm 860 scanner from Molecular Dynamics (Sunnyvale, CA).

For MS analysis, subcellular fractions isolated from 6 animals were pooled. This facilitated
protein identification and minimized false-positive detection. Likewise, the resulting pooled
samples represented an average of the respective treatment group. Biotinylated proteins
were filtered through Zeba Spin Desalting Columns (Pierce, Rockford, IL) to remove excess
biotin hydrazide. Biotinylated samples were then applied to a Streptavidin HP Spintrap
column (GE Healthcare, Piscataway, NJ) for 1h at room temperature. Following 5 washes
with 2.0M urea in PBS, proteins were eluted in 0.1M ammonium hydroxide (5×) and
samples were dried to completion in vaccuo. Proteins were resuspended in loading buffer
and allowed to migrate approximately 1cm into an SDS-PAGE gel. The entire band was
excised from the gel, digested with sequencing-grade trypsin (Promega, Madison, WI) in
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50mM ammonium bicarbonate overnight at 37°C and the resulting peptides were prepared
for analysis by 2D-LC-MS/MS as previously described.20

2-Dimensional LC-MS/MS Identification of Carbonylated Proteins
Isolated tryptic peptides were analyzed using multidimensional protein identification
technology (MuDPIT) by inline strong cation exchange and reverse-phase biphasic trapping
(Integra Frit column, New Objective). The LC was coupled to a nano-ESI source and
Esquire HCT ion trap mass spectrometer (Bruker Daltonics, Inc., Billerica, MA). Samples
were injected and eluted with a series of ammonium acetate salt plugs (25mM, 50mM,
75mM, 100mM, 125mM, 150mM, 200mM, 500mM, 1M) followed by a reverse-phase
hydrophobicity ramp. Specifically, nano liquid chromatography (EASY-nLC, Proxeon) was
run at a flow rate of 300 nL/min with a gradient of 5 to 40% ACN (0.2% formic acid) over
90 min on a C18 EASY-Column analytical column (100 × 0.075mm). The instrument was
operated using data-dependent collision-induced dissociation (CID) MS/MS with a threshold
of 10,000 total ion current (TIC.) Data analysis was performed using Mascot (v 2.1.04,
www.matrixscience.com) and Esquire v5.2 data analysis package (Bruker Daltonics).
Mascot was used to generate a merged file from each MuDPIT analysis (1 sample injection
and 9 salt plugs), which was then imported into Scaffold 3.2 (Proteome Software, Inc.,
Portland OR) in order to validate, analyze, interpret and organize the complex 2D-LC-MS/
MS MuDPIT data. Peptide and protein probabilities were assigned by the Protein Prophet
algorithm.21 Peptide identifications were accepted if they could be established at greater
than 95.0% probability as specified by the Peptide Prophet algorithm,22 and protein
identifications were accepted if they could be established at greater than 95.0% probability
and contained at least 1 identified peptide. Proteins containing similar peptides that could
not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles
of parsimony. All pooled samples were run in duplicate, generating a total of 8 control
samples (2 microsomal, 2 mitochondrial, 2 cytosolic and 2 nuclear) and 8 ethanol samples.
All control samples were merged into one file, as well as all ethanol samples, generating a
composite list of control- or ethanol-fed murine protein identifications.

Identification and Classification of Functionally Enriched Terms, Knowledge Network
Analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7
[http://david.abcc.ncifcrf.gov] was utilized to identify biologically enriched themes and
terms within the protein list of interest.23 The composite list of 414 protein identifications
was submitted to DAVID for analysis; background and species identified as Mus musculus.

Gene functional classification and functional annotation enrichment were all undertaken
using DAVIDs default parameters and stringency measures. Functional annotations
associated with Gene Ontology (GO) (biological processes, molecular function, and cellular
component), protein domains (InterPro), the KEGG pathway database and functional
categories (Sp Pir Keywords) were included in the analysis. Given the use of physical
subcellular fractionation for our studies, all terms associated with cellular location were
excluded from the analysis. Significance was determined essentially as recommended by the
DAVID authors as follows: fold enrichment > 5.0, Benjamini corrected p < 0.01.23

The networks were generated using software developed in house.24, 25 Knowledge was
combined from a collection of databases as described by Leach et al. 2009, except that the
natural language processing component was omitted in the present study.24 The resulting
network of gene IDs encodes the identified adducted proteins.24, 25 This list contained 414
gene IDs which became nodes of the combined knowledge network. For the purpose of
simplicity in interpretation, only nodes contained in the KEGG database were retained.
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Following generation of the network, data were extracted and figures were generated
utilizing Cytoscape 2.8.26

Criteria for Protein Identification and Validation of in vivo Adducts
For the identification of in vivo adducts, the stringent restrictions stated above could not be
applied due to poor protein identification probabilities, perhaps a result of poor
fragmentation due to the modification. Therefore, to identify adducted peptides, thresholds
were lowered to allow all identifications and adducts were investigated if y-and b-ion
assignments exceeded 30% of the peptide. Mass spectra were manually validated for the
presence of all aldehyde modifications.

Statistical Analysis
Statistical analysis and generation of graphs was performed using GraphPad Prism 4.02
(GraphPad Software, San Diego, CA). Differences between control and ethanol-fed mice
were assessed using a paired Student's t test. Differences were considered significant if p <
0.05.

Results
Sustained Ethanol Consumption Results in Increased Immunohistochemical Staining of 4-
HNE, 4-ONE, ACR and MDA-Modified Proteins

Chronic ethanol consumption is widely reported to result in sustained oxidative stress,
leading to enhanced generation of lipid-derived aldehydes.9, 27 Utilizing a six week murine
model for early-stage ALD, we sought to investigate the role of protein carbonylation in
disease progression. As shown in Figure 1a, H&E staining reveals a marked increase in
hepatic lipid accumulation throughout zones 1 and 2. Using antibodies directed against 4-
HNE, 4-ONE, ACR and MDA-derived protein adducts, immunohistochemical analysis was
performed. Although staining is visible in the control-fed mice, an increase in
immunoreactive proteins can be clearly seen in the ethanol-fed mice following staining with
each antibody. To further validate the observed increase in protein adducts presented in
Figure 1a, hepatic TBARS were measured, revealing roughly a 2-fold increase (P < 0.01) in
nmol MDA/mg protein (Figure 1b). Collectively, these data demonstrate a state of sustained
oxidative stress following 6 weeks of ethanol consumption leading to the increased
generation of lipid-derived aldehydes and subsequent hepatic protein carbonyls.

Biotin Labeling Captures Protein Carbonyls in vivo
A recent report by Codreanu et. al demonstrated the use of hydrazide chemistry and biotin
labeling to selectively isolate 4-HNE modified proteins in cultured cells treated with the
aldehyde.18 These studies have provided the framework for applications into physiologically
relevant models of oxidative stress, such as ALD. Using subcellular fractions collected from
the livers of both control and ethanol-fed mice, protein carbonyls were selectively tagged
with biotin using this technique. As shown in Figure 2a, ethanol-fed mice were found to
have significantly greater quantities of protein carbonyls in cytosolic and microsomal
compartments. The mitochondrial and nuclear fractions were also found to have significant
protein adducts, however, no statistically significant difference was observed between the
control and ethanol-fed mice, an indication of the constitutive nature of protein adducts. The
blot densitometry in Figure 2b, presented as percent control, confirm the increase protein
adducts.

In order to isolate protein targets of aldehyde modification, we applied this biotin labeling
approach in conjunction with streptavidin pulldown. To verify the specificity and efficacy of
this approach, proteins were either left untreated (native) or treated with biotin hydrazide.
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Samples were then bound to streptavidin columns and run under SDS-PAGE as described.
As shown in Supplemental Figure S1, only proteins labeled with biotin were selectively
eluted. This lane was excised and prepared for MS analysis. Based on the stringent cutoffs
for positive protein identification, no significant scores were found, demonstrating a high
level of specificity for this method.

2D-LC-MS/MS Analysis of Subcellular Fractions for Protein Carbonyls
Previous reports from our laboratory have utilized the Lieber-DeCarli diet to identify targets
of 4-HNE adduction.20, 28 These studies predominantly rely on time-consuming and labor
intensive techniques such as 2-dimensional gel electrophoresis (2D-PAGE) and spot
picking. While effective, the limit of detection remains inferior to enrichment strategies
coupled to high-throughput mass spectrometry techniques, such as 2D-LC-MS/MS, or
MuDPIT.29 Here, we have applied the latter technique to a complex mixture of enriched
biotin-conjugated protein carbonyls. In an effort to maximize the number of identifications,
we performed this technique on subcellular fractions collected from whole liver
homogenates; these include enriched microsomal, mitochondrial, nuclear and cytosolic
fractions.

Subcellular fractionation was employed to enhance the depth of proteome coverage for
organelle-specific proteins and reduce sample complexity, thus optimizing detection and
identification of less abundant proteins. Given the relative low abundance of protein
carbonyls in physiologic systems, we performed the MS analyses on these subcellular
fractions to increase the concentration of adducted proteins, concomitantly increasing
selectivity and the probability of successful protein identification. As shown in Figure 3a,
we identified 414 distinct protein targets for modification by reactive aldehydes in our
model (50 proteins unique to the control-fed mice, 84 unique to the ethanol-fed mice and
280 common to both treatment groups). A list of the proteins identified in this study can be
found in Supplemental Table S1.

Total protein carbonyl content can be regulated through multiple mechanisms, resulting
from an increase in new protein targets, additional adducted residues per protein, and/or an
increase in the number of adducted molecules of a given protein. As shown in Figure 3b, we
observed 710 unique carbonylated peptides in the ethanol-fed mice, while 441 were
observed in the control-fed mice. Spectral counting presented in Figure 3c revealed a similar
trend, showing 1119 unique spectra in the control samples and 1548 in the ethanol-treated
group. While these data remain semi-quantitative, an increase in protein identifications as
well as in the number of unique peptides was observed following ethanol consumption. Our
data supports current theories that protein carbonylation occurs through a “concentration-
dependent trigger”, where new protein targets are adducted following saturation of low-level
aldehyde targets.18, 30 In our rodent model for early-stage ALD, it is possible that these
protein targets are not present under supersaturating conditions, further providing an
explanation for the minimal difference in protein identifications between the two treatment
groups.

Bioinformatic Analysis of Carbonylated Protein Targets in ALD
To further elucidate the impact of protein carbonylation in the alcoholic liver, the entire list
of 414 proteins was converted to gene IDs and submitted to the bioinformatic tool DAVID
to assess the biological processes impacted by aldehyde adduction in ALD. Using Mus
musculus as the background gene list, a total of 219 molecular functions and biological
processes were found to be significantly enriched (Supplemental Table S2); terms associated
with subcellular location or tissue distribution were excluded from the list for clarity.
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The generation of hepatic lipid droplets is considered the initiating step in the pathogenesis
of ALD. Consistent with this proposition, our analyses identified the KEGG pathway
associated with fatty acid metabolism (Figure 4) to have the greatest fold enrichment while
achieving statistical significance (KEGG mmu00071, fold enrichment 12.20). These data
suggest an ongoing cycle of altered lipid homeostasis that results in increased lipid content,
increasing the pool of peroxidizable lipids. This increased lipid content mediates the further
generation of reactive aldehydes, exacerbating the lipid load within the cell. Likewise, many
of the other pathways and biological processes identified in these analyses have been
reported to be affected during the course of ALD. In total, nine KEGG pathways involved
with amino acid metabolism and degradation were found to be associated with protein
carbonylation. These data agree with the proposed impact on the nutritional balance
following sustained ethanol consumption.31, 32 Likewise, the peroxisome proliferator-
activated receptor (PPAR) signaling pathway was significantly enriched in our dataset
(KEGG mmu03320, fold enrichment: 5.03). This pathway has been a major focus for ALD
research and our data may suggest an additional mechanism for its regulation.33 We also
observed a significant enrichment in terms associated with the tricarboxylic acid (TCA)
cycle (SP_PIR, GO 0006099 and KEGG mmu00020; fold enrichment of 25.03, 18.25 and
9.77 respectively). As indicated, the oxidative metabolism of ethanol leads to the increased
production of acetyl-CoA, providing more substrate for the TCA cycle. This is thought to be
the predominant effect of ethanol on the TCA cycle; our data however, support a novel
mechanism whereby protein carbonylation of critical TCA enzymes may be playing an
integral role in this process.

DAVID provides an effective tool to analyze the cellular processes, molecular functions and
pathways for a given set of proteins; however, for a large list exceeding ∼50 proteins, valid
biological interpretation is arduous. To address this, we generated a network based on our
data set focusing strictly on KEGG pathways to determine both the integration of the same
protein in multiple pathways as well as proteins critical to numerous cellular processes. As
shown in Figure 5, this analysis demonstrates the inclusion of 311 proteins identified in our
list that were integrated in the network. These proteins were found to cluster based on their
KEGG pathway assignments, demonstrating both heavily enriched pathways and integration
of multiple proteins. The nodes (proteins) that were found in specific pathways have been
highlighted using various color designations. In agreement with the DAVID analysis, fatty
acid metabolism (yellow) was well-represented in the protein list. The location of this
cluster demonstrates that numerous proteins in this pathway were also found to be integrated
in other pathways (i.e. peroxisomes, teal). While proteins involved in fatty acid metabolism
are located throughout the cell, the peroxisomes play a central role in the metabolism and
oxidation of fatty acids. This analysis also demonstrated an abundance of proteins involved
in amino acid metabolism (dark green), the TCA cycle (pink), PPAR signaling (purple) and
drug metabolism (blue). Clustering analysis was also conducted using the 50 proteins in the
“control only” group and the 84 proteins in the “ethanol only” group revealing no notable
clustering or pathway enrichment (data not shown).

Identification of Novel in vivo Protein Targets for Aldehyde Adduction
The detection of in vivo protein adducts has many complicating factors including the
complexity of the sample, sequence coverage, abundance of adducts, MS fragmentation
technique and instrument sensitivity.17, 34 In an effort to selectively enrich our samples for
aldehyde adducted proteins, we coupled subcellular fractionation, hydrazide chemistry and
2D-LC-MS/MS. The enriched fractions were then analyzed for biotin hydrazide conjugated
4-HNE, 4-ONE, ACR or MDA adducts; although additional modifications may be found,
these four lipid peroxidation end-products are thought to play a major role in the
pathogenesis of ALD. Figure 5 provides a schematic of an aldehyde-adducted protein (4-
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HNE, 4-ONE, ACR or MDA) containing the reduced hydrazone bond conjugated to biotin,
yielding varying masses. Analyzing our composite list of protein identifications for these
modifications, we were able to identify and validate eight new targets for aldehyde
adduction in vivo. Table 1 provides a list of the proteins identified along with the peptide
recovered, the modification found and the subcellular fraction containing the peptide. In
total, we identified two novel in vivo protein targets for 4-HNE (nuclear factor 1 A-type and
structure-specific endonuclease subunit SLX4), four for 4-ONE (CCR4-NOT transcription
complex subunit 1, protein FAM135A, 78kDa glucose-regulated protein and myosin-
binding protein C, fast-type) and two for ACR (neutral alpha-glucosidase AB and
nesprin-1). Representative MS spectra are provided as supplemental material (Supplemental
Figures S2-S9). While the impact of these adducts on the overall function of the identified
proteins remains unknown, these results provide exciting avenues for future studies on
protein carbonylation.

Discussion
The covalent adduction of lipid electrophiles to nucleophilic protein side chains is proposed
to play a role in the pathogenesis of numerous disease states associated with oxidative
stress.1 Despite decades of research, the relatively low abundance of these aldehyde-
modified proteins in physiological systems has hindered progress in the field.2, 11, 16

Previous studies evaluating protein carbonylation in disease models utilized labor intensive
2-dimensional gel electrophoresis, spot picking and western blotting.20, 28 These studies
were limited not only by the abundance of aldehyde adducts, but also by the relatively low
abundance of the protein itself. Reports from our laboratory, and others (i.e. see Newton et
al. 2009, Roede et al. 2008, Grimsrud et al. 2007) have described redundant identifications,
notably proteins in the ALDH, GST and Prdx superfamilies, while failing to identify site-
specific in vivo modifications.2, 10, 35 Recent developments in mass spectrometry and
enrichment strategies, however, have provided excellent new applications for research in
this field.16, 18 In this report, we describe the combined use of subcellular fractionation,
hydrazide chemistry and biotin-tagging with a highly sensitive MuDPIT technique to
selectively enrich for low abundance protein carbonyls in an established in vivo mouse
model of ALD. Our data have resulted in the identification of previously identified, highly
abundant proteins as well; however this experimental approach has resulted in identification
of numerous novel targets for carbonylation, including (but not limited to) cystathionine γ-
lyase, apoprotein E, and the acyl-CoA dehydrogenase family of proteins (ACADS,
ACADM, ACAL, ACADVL).

The data presented here show a significant increase in total protein carbonyl content in the
microsomal and cytosolic compartments of ethanol-consuming murine livers. Ethanol
ingestion is well-documented to result in a substantial increase in cytochrome P450 2E1
(Cyp2E1) protein expression.36 This ER protein is thought to be the major producer of
cellular ROS following ethanol consumption and correlates with the level of lipid
peroxidation products in the liver.36 Thus, the data presented here provide a mechanistic
explanation for the observed increase in microsomal carbonyl content. A significant increase
in the mitochondrial carbonyl content was not observed but this difference may be attributed
to the high abundance of protective aldehyde dehydrogenase (ALDH) enzymes in this
subcellular fraction. While these discrepancies may provide additional information into the
progression of ALD, our focus remained on the global impact of protein carbonylation in
our model simply utilizing subcellular fractionation as an additional enrichment strategy.
These enrichment strategies led to the identification of 414 targets for protein carbonylation
in vivo, greatly increasing the number of identified naturally-occurring protein adducts in a
physiological system. While highly abundant, previously identified proteins were found (i.e.
PDI, peroxiredoxin 6, HSP90), numerous relatively low abundant proteins were also
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identified.28 Therefore, the present study represents one of the most comprehensive
assessments of protein carbonylation in a physiologically relevant disease model that is
published to date.

The level of protein carbonylation can be affected on numerous levels, varying from the
number of residues adducted, to the number of molecules of any given protein. Recent
hypotheses propose a “concentration-dependent trigger” model of protein carbonylation,
whereby novel sites of adduction are modified only following saturation of more susceptible
residues.18, 30 These studies were conducted utilizing cell culture models and supra-
physiological concentrations of aldehyde. In spite of the varied approaches, the results
demonstrated considerable overlap and are consistent with use of a similar mechanism. The
present proteomic survey of protein carbonylation revealed only a modest increase in the
number of protein identifications in the ethanol-fed mice, despite increased
immunohistochemical staining of 4-HNE, 4-ONE, ACR and MDA-modified proteins and a
statistically significant increase in hepatic TBARS. It is likely that these low-level targets of
aldehyde modification are not saturated, thus supporting recent publications that have
identified a similar trend.18, 30 Likewise, while the techniques applied in the present study
have increased the concentration of these aldehyde targets in each biological sample, the
limit of detection with current mass spectrometers remains a considerable problem, likely
hindering the identification of countless low-level targets.

Mass spectrometry has greatly expanded this area of research and, despite decades of
research, very few site-specific in vivo protein adducts have ever been detected.15, 16, 37 This
can be attributed to a host of variables, including abundance of adducts, sequence coverage
following enzymatic digest and stability of protein adducts during fragmentation. In a recent
publication by Guo et al., the instability of these adducted residues was highlighted under
CID conditions with and without the presence of a biotin tag.34 Using model peptides for
His and Cys 4-HNE modifications, fragmentation was observed with and without tagging
reagents such as biotin hydrazide. These studies revealed the relative instability of both non-
tagged and tagged aldehyde species under CID, observing neutral loss of the aldehyde
following fragmentation.34 It is likely that the instability of these adducts, in conjunction
with their low abundance, has hindered the number of modifications identified in vivo.
Employing subcellular fractionation, biotin-tagging and MuDPIT MS/MS techniques, we
identified eight novel in vivo protein targets for aldehyde modification. We expect that
additional peptides may be present following tryptic digestion, but the harsh conditions of
CID contribute to a reduced number of positive identifications in our studies.34

Among the eight proteins identified with an in vivo modification, GRP78 is of particular
interest. Comprised of two-domains, an N-terminal ATPase catalytic site and a C-terminal
substrate binding domain, GRP78 plays a critical role in the binding of misfolded or
unfolded proteins.38 The novel identification of a 4-ONE adduct on lysine 592 lies within
the C-terminal substrate binding domain, potentially altering the ability of GRP78 to
effectively bind and refold erred proteins. Through this activity, GRP78 plays a critical role
in the initiation and regulation of the unfolded protein response (UPR).39 Previous reports
have outlined a role for the UPR during the pathogenesis of ALD, while the mechanisms
have remained elusive.40-43 While functional studies on adduction of GRP78 have not been
completed, similar studies have been conducted regarding the impact of aldehyde-adduction
on other members of the heat-shock family of proteins 11. These data provide a potential
mechanism for the known UPR induction following ethanol consumption, stemming away
from conventional proposed theories.41, 44

Protein carbonylation has been proposed to play a role in a host of disease states associated
with sustained oxidative stress.1, 2, 9 Our murine model for early-stage ALD demonstrates a
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significant increase in protein carbonyl content; the precise cellular role of these protein
modifications, however, remains unknown. To try to elucidate the physiological impact of
protein carbonylation in ALD, we utilized multiple bioinformatic techniques. Among the
biochemical pathways and biological processes associated with our list of 414 protein
targets of carbonylation, fatty acid metabolism was significantly enriched. The initiating
stages of disease progression are marked by lipid accumulation, and our results indicate a
role for aldehyde adduction in this progression. Many of the proteins identified in this study
play a major role in the both fatty acid metabolism and lipogenesis. At present, It is
unknown how these modifications affect protein function; however, a loss in function of
nearly all of these proteins would result in a further increase in lipid content within the cell.
Among the protein targets identified, the acyl-CoA dehydrogenase enzymes (which includes
ACADS, ACADM, ACAL, ACADVL) play a major role in lipid metabolism. Studies have
shown that alterations in these enzymes leads to increased lipid content in the liver by
inhibiting effective beta-oxidation.45 These data suggest a major role for lipid peroxidation
and aldehyde adduction in mediating the additional accumulation of lipids thereby
increasing the observed steatosis. Aldehyde protein modifications are likely to result in
dysfunctional enzymes, leading to vicious loop of biochemical and cellular derangements.
This global survey of protein carbonylation provides novel insights into the deleterious
impact of these modifications in vivo and suggests compelling new avenues for research on
both individual proteins as well as in other disease models.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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MDA malondialdehyde

PDI protein disulfide isomerase

MS mass spectrometry

MuDPIT multidimensional protein identification technology

H&E hematoxylin and eosin

TBARS thiobarbituric acid reactive substances

CID collision-induced dissociation

DAVID Database for Annotation, Visualization and Integrated Discovery

GO gene ontology

PPAR peroxisome proliferator-activated receptor

TCA tricarboxylic acid

Cyp2E1 cytochrome P450 2E1

ALDH aldehyde dehydrogenase
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Figure 1.
Immunohistochemical characterization of aldehyde-modified proteins in ALD. (A)
Hematoxylin & Eosin (H&E) staining reveals an increased in hepatic lipid content. Staining
for 4-HNE, 4-ONE, ACR and MDA-modified proteins reveals increased hepatic staining in
the ethanol-fed mice (bottom). CV, central vein; PT, portal triad. (B) Hepatic TBARS
content significantly increases in the ethanol-fed mice. N = 6, ** P < 0.01.
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Figure 2.
Biotin-tagging reveals an increase in protein carbonyls in microsomal and cytosolic
fractions. (A) Anti-biotin western blotting on livers from three control mice (first three
lanes) and three ethanol-fed mice (last three lanes), subcellular fractions are indicated. (B)
Blot densitometry was quantified and is represented as a percentage of control. N = 6; * P <
0.001.
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Figure 3.
MuDPIT analysis of adducted peptides demonstrates an increase in aldehyde-modified
proteins in livers of ethanol-fed mice. Pooled duplicate samples from each of the four
subcellular fractions reveal an increase in (A) unique protein identifications, (B) unique
peptides and (C) unique spectra.
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Figure 4.
DAVID results reveal a significant enrichment in proteins involved in fatty acid metabolism.
Proteins identified in our study are indicated by green shading.
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Figure 5.
Network analysis demonstrates critical pathways impacted by protein carbonylation. The
network was generated based on the KEGG assignments of the proteins identified and their
co-occurrence in pathways. Colors correspond to KEGG pathways as indicated. Most
proteins were found to belong to multiple pathways, demonstrating their locale in the
network. Proteins with many pathway associations can be found central to the map, while
peripheral proteins demonstrate segregation to a single pathway.
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Figure 6.
Illustration of an aldehyde adducted, biotin-tagged protein. The four aldehydes monitored in
this study are shown, along with the exact mass of the tagged adduct. These modifications
were monitored for validation of the in vivo adducts reported in Table 1.
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