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Abstract
Protein carbonylation has been associated with various pathophysiological processes. A
representative reactive carbonyl species (RCS), 4-hydroxy-2-nonenal (HNE), has been implicated
specifically as a causative factor for the initiation and/or progression of various diseases. To date,
however, little is known about the proteins and their modification sites susceptible to “carbonyl
stress” by this RCS, especially in the liver. Using chemoprecipitation based on a solid phase
hydrazine chemistry coupled with LC-MS/MS bottom-up approach and database searching, we
identified several protein-HNE adducts in isolated rat liver mitochondria upon HNE exposure. The
identification of selected major protein targets, such as the ATP synthase β-subunit, was further
confirmed by immunoblotting and a gel-based approach in combination with LC–MS/MS. A
network was also created based on the identified protein targets that showed that the main protein
interactions were associated with cell death, tumor morphology and drug metabolism, implicating
the toxic nature of HNE in the liver mitoproteome. The functional consequence of carbonylation
was illustrated by its detrimental impact on the activity of ATP synthase, a representative major
mitochondrial protein target for HNE modifications.

1. Introduction
Mitochondria are the major energy sources in mammalian cells by generating ATP via
oxidative phosphorylation. The mitochondrial respiratory chain is also a key intracellular
source of reactive oxygen species (ROS); therefore, mitochondria are important subcellular
organelles to understand the impact of oxidative stress in the onset and/or progression of
numerous diseases and aging. Oxidative stress occurs when the body’s well-designed
proteolytic or other repair systems are overwhelmed by excess ROS [1]. Mitochondrial
membranes, or in general membrane lipids rich in polyunsaturated fatty acids, are especially
sensitive to lipid peroxidation in the bis-allylic positions of unsaturated fatty acids [2],
which eventually leads to the formation of a great diversity of reactive carbonyl species
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(RCS) [3]. RCS as electrophiles, then, react with nucleophilic sites of cellular constituents,
including proteins, not only locally but also farther from the site of their formation [4],
propagating thereby oxidative cellular damage via “carbonyl stress” [5,6]. Cumulative
damage may lead mitochondria to a state of dysfunction that, in time, may generate
intracellular signals for lysosomal digestion and apoptosis [7–9].

In the proteome, carbonyl stress results in the formation of adducts and crosslinking having
a wide range of downstream functional consequences and cellular dysfunctions [10–12].
Among RCS, 4-hydroxy-2-nonenal (HNE), formed during peroxidation of ω-6 fatty acids,
has drawn particular attention as a specific biomarker indicated, among others, in
atherosclerosis, cancer, diabetes, neurodegenerative disorders and liver diseases [13–18].
Due to its chemical nature, HNE easily undergoes Michael addition on the side chain
functional group of Cys, His, and Lys, respectively [19]. It can also produce Schiff bases
with the ε-amino group of Lys, but the corresponding kinetics are inherently slow and
Schiff-base formation is also reversible [20,21] making Michael-adducts of HNE the
predominant [21–23] and most reliable products for exploring protein carbonylation through
proteomics [21,23,24].

Proteomic approaches have been successfully employed to identify HNE-derived protein
carbonyls [6]. The HNE-directed posttranslational modification is neither enzymatic process
nor genetically coded, hence lacks the consensus motif and, therefore, precludes the
possibility of predicting the exact modification sites. Specific mass spectrometry techniques
have become particularly powerful tools in this regard due to their ability to site-specifically
locate amino acids targeted by RCS both in vitro and in vivo [21–24].

Liver is a major organ for a variety of pathophysiological processes. Levels of ROS
production and, therefore, carbonylation have been found to increase with age, diabetes,
inflammation, alcoholism, metabolic diseases, drug-induced toxicity, and various other
conditions [25–32]. HNE has specifically been implicated as a contributor and/or marker of
hepatic pathologies. However, little is known about the proteins and, more importantly, their
exact sites susceptible to oxidative damages by this RCS in this organ. Although detection of
HNE-modified proteins has been possible through exposure to the endogenously formed
lipid peroxidation end-product [33], studies with isolated organelles, such as mitochondria,
may allow for increased protein coverage by mass spectrometry-based proteomics [34], as
well as permit straightforward and controlled follow-up experiments focusing on the
verification of findings and/or possible consequences on mitochondrial functions.
Enrichment of HNE-modified peptides also appears to be crucial for carbonyl-directed
identifications by liquid chromatography–tandem mass spectrometry (LC–MS/MS) [35].
Accordingly, we exposed isolated liver mitochondrial proteins to HNE in the present study
and, then, applied a “bottom-up” proteomics strategy utilizing enrichment of the tryptic
peptide carbonyls via chemoprecipitation [35,36] followed by LC-MS/MS and database
searching for site-specific identifications of protein carbonyls. A network implicating the
main molecular functional interactions and biological connections among the identified
major protein targets of HNE-induced carbonyl stress was also revealed. The functional
consequence of HNE-modification was illustrated by its impact on the activity of ATP
synthase, a representative protein target in this network.

2. Materials and methods
2.1.Chemicals

4-Hydroxy-2-nonenal (HNE) was obtained from Cayman Chemical Company (Ann Arbor,
MI). Water, acetonitrile and methanol were of high-performance liquid chromatography
(HPLC) grade and purchased from Honeywell Burdick and Jackson (Morristown, NJ, USA).
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Sequencing grade trypsin was obtained from Applied Biosystems (Foster City, CA). All
other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

2.2. Preparation of rat liver mitochondria
All experiments were performed in compliance with the guidelines for the welfare of
experimental animals issued by the National Institutes of Health and in accordance with the
guidelines of Institutional Animal Care and Use Committee at the University of North Texas
Health Science Center. Liver tissues were isolated from 12-week-old male Sprague Dawley
rats (Harlan Laboratory, Indianapolis, IN) maintained on standard rodent chow and housed
under specific pathogen-free conditions at a temperature of 25 ± 1.5 °C with 12:12-h light-
dark cycles. Animals were euthanized by intraperitoneal injection of sodium pentobarbital
(60 mg/kg body weight) and the liver was removed. Mitochondria were isolated using a
Mitochondria Isolation Kit for Tissue (Piercenet, Rockford, IL) from 3.0 g of pooled tissue
according to the manufacturer’s instruction. Mitochondrial pellets were resuspended in 250
µl of 10 mM PBS containing a protease inhibitor cocktail (Complete Mini, Roche,
Indianapolis, IN) and, then, the mitochondria were ruptured with 3 freeze/thaw cycles
followed by 10 bursts of sonication with chilling on ice after each burst. The resultant
solution was clarified by centrifugation (11000g, 30 min, 4 °C) and the protein concentration
was determined with the Micro BCA Protein Assay Kit (Piercenet, Rockford, IL) using BSA
as a reference. Mitochondria were stored at −80 °C until the appropriate experiments were
performed or used immediately for the measurement of ATP synthase activity upon
exposure to various concentrations of HNE.

2.3. HNE-exposure of liver mitochondrial proteins
Approximately 1 mg of mitochondrial liver proteins in 0.5 mL of 10 mM PBS were
incubated with 156 µg (2 mM) and 39 µg (0.5 mM) of HNE, respectively, for 2 h at room
temperature [37,38] followed by precipitation through the addition of four volumes of − 20
°C acetone according to a standard protocol
(http://www.piercenet.com/files/TR0049-Acetone-precipitation.pdf). The mixture was kept
overnight at −20 °C, then centrifuged at 13000g for 10 min at 4 °C. The pellets were
resuspended in 50 µL of 8M urea and 200 µL of 50 mM ammonium bicarbonate then treated
with 5 µL of 250 mM DTT at 50 °C for 1 h. Carbamidomethylation was done with 10 µL of
250 mM iodoacetamide for 30 min at room temperature in the dark. Excess iodoacetamide
was quenched with 10 µL of 250 mM DTT for 15 min. The sample was then diluted with
250 µL of 50 mM ammonium bicarbonate and digested with 8 µL of 0.5 µg/µL trypsin
overnight (18 h) at 37 °C. The enzymatic reaction was terminated by acidifying the sample
to pH <2.0, and the digest was loaded onto a Supelco C18 solid-phase extraction cartridge
(Bellefonte, PA). The cartridge was first washed with 2 × 1 mL water containing 0.1% (v/v)
acetic acid and, then samples were eluted with 2 × 300 µL of 80% v/v/ acetonitrile
containing 0.1% v/v acetic acid. The desalted mitochondrial tryptic digests were dried with a
SpeedVac (Thermo Scientific Savant, San Jose, CA) and stored at −80 °C until analyses.

2.4. Solid-phase enrichment of HNE-modified peptides
HNE-treated samples obtained from procedure above were dissolved in 150 µL of reaction
buffer (pH 3.6) containing 10% (v/v) aqueous acetonitrile and 0.2% (v/v) acetic acid
followed by the addition of 5 mg of hydrazide-coated glass beads (SPH) [35,36] to capture
peptide carbonyls. The resulting mixture was rotated end-over-end overnight at room
temperature followed by centrifugation (13400 rpm) to settle the beads. The supernatant was
collected, dried by lyophilization, and saved for LC–MS/MS analysis. The beads were then
thoroughly washed with 4 × 400 µL of reaction buffer followed by 1 M NaCl, distilled
water, 80% (v/v) acetonitrile, and a second round of distilled water to remove any
unmodified tryptic peptides. Then, the peptide carbonyls (captured as hydrazones) were
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released from the beads with 200 µL of formic acid (10%, v/v) at 60 °C for 30 min. This
step was repeated one more time. The combined acidic solutions containing peptide
carbonyls were lyophilized, and then reconstituted in 20 µL of 5% (v/v) acetonitrile in water
containing 0.1% (v/v) acetic acid. Five µL aliquots were used for subsequent LC–MS/MS
analyses.

2.5. LC–MS/MS
LC–MS/MS analysis of the peptide samples was performed using a hybrid linear ion trap–
Fourier transform ion cyclotron resonance (7-T) mass spectrometer (LTQ-FT, Thermo
Finnigan, San Jose, CA) equipped with a nano-electrospray ionization (ESI) source and
operated with the Xcalibur (version 2.2) and Tune Plus (version 2.2) data acquisition
software. Online reversed phase-high performance liquid chromatography (RP-HPLC) was
performed with an Eksigent nano-LC-2D (Eksigent, Dublin, CA) system. Five µL of the
sample was automatically loaded onto the IntegraFrit™ sample trap (2.5 cm × 75 µm) (New
Objective, Woburn, MA) at a flow rate of 1.5 µL/min in a loading solvent containing 0.1%
(v/v) acetic acid and 5% (v/v) acetonitrile in 94.9% (v/v) water for concentration and
desalting prior to injection onto a 75 µm i.d. × 15 cm reverse-phase PepMap C18 analytical
column (LC Packings, Sunnyvale, CA). Following peptide desalting and injection onto the
analytical column, peptides were separated using the following gradient conditions: (1) 5
min in 95.2% solvent A [0.1% (v/v) acetic acid and 99.9% (v/v) water] for equilibration; (2)
linear gradient to 40% solvent B [0.1% (v/v) acetic acid and 99.9% (v/v) acetonitrile] over
90 min and holding at 40% solvent B for isocratic elution for 5 min; (3) increasing the
gradient to 90% solvent B and maintaining for 5 min; and finally (4) 95.2% solvent A in the
next 20 min. The flow rate through the column was 250 nL/min. Peptides eluted through a
Picotip emitter (internal diameter 10 ± 1 µm; New Objective) were directly supplied into the
nanoelectrospray source of the mass spectrometer. Spray voltage and capillary temperature
during the gradient run were maintained at 2.0 kV and 250 °C. The conventional data-
dependent mode of acquisition was utilized in which an accurate m/z survey scan was
performed in the FTICR cell followed by parallel MS/MS linear ion trap analysis of the top
five most intense precursor ions. FTICR full-scan mass spectra were acquired at 50000 mass
resolving power (m/z 400) from m/z 350 to 1500 using the automatic gain control mode of
ion trapping. Peptide fragmentation was induced by collision-induced dissociation (CID) in
the linear ion trap using a 3.0-Th isolation width and 35% normalized collision energy with
helium as the target gas. The precursor ion that had been selected for CID was dynamically
excluded from further MS/MS analysis for 60 s.

2.6. Sequence database search, peptide identification and pathway analysis
MS/MS data generated by data-dependent acquisition via the LTQ-FT were extracted by
BioWorks version 3.3 and searched against a composite IPI rat (version 3.28) protein
sequence database using the Mascot (version 2.2.2; Matrix Science, Boston, MA) search
algorithm. Mascot was searched with a fragment ion mass tolerance of 0.80 Da and a parent
ion tolerance of 25 ppm. Carbamidomethylation of Cys, oxidation of Met, HNE-Michael
adducts formation on Cys, His and Lys were specified as variable modifications among the
Mascot options. Trypsin was selected as the digesting enzyme allowing for the possibility of
one missed cleavage site.

The software program Scaffold (version 2_00_06, Proteome Software Inc., Portland, OR)
was then employed to compile and validate tandem MS-based peptide and protein
identifications. Peptide identifications were accepted if they could be established at greater
than 95.0% probability as specified by the Peptide Prophet algorithm. Protein identifications
including single peptide-based identifications, where protein probabilities were assigned by
the Protein Prophet algorithm, were accepted at greater than 80.0% probability. Manual
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validation of tandem MS data of each HNE-modified peptide was performed to discard false
positives and accept false negatives, if any. The MS-Product module of ProteinProspector
(http://prospector.ucsf.edu) was used for validation of HNE-modified peptides by manually
comparing the masses of b- and y-ions obtained during CID-MS/MS of peptides with the
fragment ion masses generated from MS-Product. MS/MS spectra were also searched using
SEQUEST (Thermo Finnigan, San Jose, CA) against a non-redundant rat proteome
sequence database from the European Bioinformatics Institute
(http://www.ebi.ac.uk/IPIrat.html). The differential search parameters were specified for
detecting oxidation of Met (+16 Da), carbamidomethylation of Cys (+57.02 Da) and the
addition of HNE (+156.12 Da) to Cys, His, and Lys residues. Additionally, Ingenuity
Pathway Analysis 8.8 (Ingenuity Systems, Redwood City, CA) was utilized to derive
potential protein interaction networks among the identified carbonylated mitochondrial
proteins in the rat liver.

2.7. Gel electrophoresis and Western blots
Isolated liver mitochondria, approx. 100 µg of total protein in 100 µL of PBS, were treated
with 0.2 µmol HNE and pelleted by centrifugation (13000 rpm, 5 min). The pellet was
solubilized with 1% (w/v) lauryl maltoside and protein content was determined by Micro
BCA Protein Assay Kit (Piercenet, Rockford, IL). Protein samples (10 µg per well) were
separated by sodium dodecylsulphate−polyacrylamide gel electrophoresis (SDS-PAGE)
using 12% polyacrylamide gels. Precision plus protein marker (Bio-Rad, Hercules, CA) was
also run along with the samples. One gel was processed for Western blot analysis, while the
other one was visualized with Coomassie Blue G-250 (Bio-Rad) per standard protocol. For
the immunoblots, proteins were transferred to a nitrocellulose membrane (GE Healthcare,
Piscataway, NJ) in a Mini Trans-Blot electrophoretic transfer cell (Bio-Rad) using transfer
buffer (25 mM Tris/192 mM glycine/15% v/v ethanol) with 300 mA for 2 h in a cold room.
Afterward, the membrane was blocked with 5 ml 5% (w/v) nonfat milk powder in Tris-
buffered saline (20 mM Tris/500 mM NaCl, pH 7.5) containing 0.1% Tween-20 (TTBS) for
30 min then incubated with mouse anti-HNE antibody (R&D Systems, Minneapolis, MN)
diluted to 1:500 in TTBS containing 5% milk powder. The primary antibody was removed,
and the blots were washed 3 times for 10 min with TTBS. The blots were then incubated for
1 h at room temperature with horseradish peroxidase-conjugated anti-mouse secondary
antibody (Invitrogen, Carlsbad, CA), at a dilution of 1:3000. After washing, the bands were
visualized with SuperSignal West Pico chemiluminescent substrate (Thermo Scientific,
Rockford, IL). The same membrane was then stripped with Restore™ Western Blot
stripping buffer (Pierce) according to manufacturer’s instruction and incubated with rabbit
anti-ATP-synthase antibody (Aviva Systems Biology, San Diego, CA) diluted to 1:400.
After washing, the blot was incubated at room temperature for 1 h with a 1:3000 dilution of
peroxidase-conjugated goat anti-rabbit antibody (Invitrogen). After additional wash with
TTBS, protein bands were visualized with SuperSignal West Pico chemiluminescent
substrate and developed by LabWorks Image Acquisition and Analysis software v. 4.6
(Ultraviolet Products, Cambridge, UK).

2.8. In-gel digestion
Two gel bands of interest were excised with a clean scalpel and sliced into small pieces and,
then, placed into siliconzed tubes followed by washing three times with 25 mM aqueous
NH4HCO3 containing 50% acetonitrile. Gel pieces were then dried and proteins were
reduced with 10 mM DTT (56 °C, 1 h) and, then, alkylated with 25 µL of 50 mM
iodoacetamide (30 min, room temperature). The supernatant was removed and discarded.
Gel pieces were washed with 25 mM aqueous NH4HCO3 and dried before trypsin digestion
(10 ng/µL, approx. 3-times the volume of the gel, 37 °C, overnight). Tryptic peptides were
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extracted from the gels with water/acetonitrile (1:1, v/v) containing 5% formic acid and
dried by Speedvac before C18 ZipTip (Millipore) cleanup and LC–MS/MS analysis.

2.9. ATP synthase activity
Enzyme activity in freshly prepared liver mitochondria upon HNE-exposure was monitored
with an ATP Synthase Enzyme Activity Microplate Assay Kit (Mitosciences, OR, USA)
according to the manufacturer’s instructions. The principle of the method is based on the
hydrolysis of ATP to ADP by ATP-synthase that is coupled to the oxidation of NADH to
NAD+ leading to a decrease in ultraviolet (UV) absorbance at 340 nm. Samples (approx.
200 µg protein) were treated with various concentrations of HNE (20–5000 µM) for 5 min at
room temperature then loaded onto plates coated with anti-ATP synthase antibodies for β-
subunit and F1-portion. The activity was expressed as the change in absorbance at 340 nm/
min/amount of sample loaded into the well. Blank samples contained only reaction buffer,
while control samples consisted of untreated liver mitochondria. Control activity was
considered 100%, and activities of ATP synthase with varying concentrations of HNE
treatment were normalized accordingly to yield percentage inhibition by the given
concentration of the lipid peroxidation end-product. Data are represented as means ± SEM
(n=4).

IC50 (the HNE concentration that results in 50% inhibition of the enzyme’s activity) was
calculated using the Scientist software V2.01 (St. Louis, MI, USA) by fitting the results of
the dose–response experiments to the equation

(1)

where Ci and h were the HNE concentration (µM) used and the Hill coefficient,
respectively.

3. Results and Discussion
3.1. Identification of HNE-carbonylated peptides from rat liver mitochondria by LC–MS/MS

In this experiment, we treated proteins extracted from ruptured mitochondria with HNE to
allow access of the RCS to as many proteins as possible for discovery-driven identification
of potential targets through a proteomics approach striving for the unequivocal identification
and localization of carbonylation sites. The relatively low abundance of HNE-protein
adducts [11,20] required enrichment prior to mass spectrometric analyses to reduce sample
complexity. SPH chemistry of peptide carbonyls [35,36] permitted the removal of non-
modified species and, thereby, facilitated the identification of HNE-modified peptides in the
proteome. We have previously shown that this enrichment technique significantly improved
the quality of MS/MS spectra by increasing the number of ion counts and reducing
interference during precursor-ion isolation and fragmentation in brain derived mitochondria
[23,36]. We, again, utilized this enrichment method in this study to “fish-out” peptide
carbonyls from the tryptic digest of HNE-treated mitochondria protein fraction of the rat
liver for modification-directed identification.

Previous reports suggested that as high as 5 mM of HNE accumulates in the cellular lipid
membranes under oxidative stress [39]. Specifically, it has been shown that the
concentration of HNE in the lipid bilayer of isolated peroxidizing microsomes is about 4.5
mM [19]. Therefore, treatment of mitochondrial proteins with 2 mM of HNE may mimic the
extreme situations of oxidative stress locally near the peroxidizing membranes. When 0.5
mM HNE was applied to mitochondria, proteins such as carbamoyl-phosphate synthase,
catalase, glutamate dehydrogenase and ATP synthase were identified as modified proteins,
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indicating that these proteins are susceptible to HNE modifications even at a lower
concentration of the lipid peroxidation product. Albeit fewer modified peptides were
obtained due to their reduced concentration and given the assay sensitivity, they were
consistent with the ones detected when higher HNE concentration (2 mM) was used.

Among the 26 identified proteins susceptible to HNE attack, the majority indeed were of
mitochondrial origin (Table 1), albeit some non-mitochondrial proteins were also found
(Table S1, Supporting Information) possibly due to co-isolation and/or association of these
proteins with the mitochondria. In addition, it has to be acknowledged that coverage of
protein modifications by HNE within a complex proteome is clearly incomplete [40] and,
also, method-dependent with today’s technology. There may be even a bias to reveal certain
targets for modification with preference over others. For example, although the highest
reactivity has been reported for Cys residues [41], we and others have found that modified
His residues were the most abundant in proteomic studies done without enrichment [21,23],
or using SPH chemistry [42] and affinity columns made by immobilizing an antibody
recognizing HNE-Michael adducts [33] to enrich these posttranslationally modified peptides
for subsequent LC–ESI-MS/MS analysis. Loss of mild alkalinity in ruptured mitochondria
might be another reason that could lead to a decrease of HNE’s reactivity towards Cys
residues [43]. Nevertheless, our studies have revealed a meaningful subset of proteins
susceptible for carbonylation by HNE in the liver mitochondria.

One of the major targets of carbonylation was ATP synthase. Specifically, we localized
three modification sites on the β-subunit of this enzyme (Atp5b, Table 1) that belongs to the
catalytic core of the F1 complex [44]. A representative MS/MS spectrum for the [M+2H]2+

ion of one of the corresponding peptide-HNE adducts, LVLEVAQHLGESTVR (m/z
904.0259, where the residue in bold typeface represents modification by HNE as a Michael
adduct), is shown in Fig. 1(a). The high sensitivity of this enzyme to carbonyl stress in
various tissues has been reported [20,23,25] and, for example, carbonylated Atp5b has been
found in the alcoholic liver [13]. The consequence of carbonylation on this subunit may be
the disruption of the entire ATP synthase complex, possibly contributing to an impaired
ATP production [45]. Insufficient ATP production can also affect glutamate dehydrogenase
1 (Glud1), an enzyme located in mitochondrial matrix and catalyses the reversible oxidative
deamination of glutamate to α-ketoglutarate and free ammonia [45–47]. In agreement with
these implications, here we identified two HNE modification sites (His-481 and His-507,
Table 1) for Glud1 in our experimental model. In vivo, a significant decrease in Glud1 level
and its increased carbonylation was detected in an animal model of chronic ethanol exposure
[16].

We have also shown that carbamoyl-phosphate synthase (Cps1) was heavily modified by
HNE (Table 1, Fig. 2); specifically, five Michael adducts of the enzyme primarily localized
in liver mitochondria and pivotal in the production of urea and nitrogen metabolism [48]
were detected. A representative MS/MS spectrum using the [M+2H]2+ ion of the tryptic
peptide AQTAHIVLEDGTK (m/z 769.9283) is shown in Fig. 1(b). Increased levels of
carbonylation and circulatory release of Cps1 have been shown to be directly associated
with mitochondrial damage and/or impaired mitochondrial function in the liver during sepsis
and upon alcohol-induced liver damage [16,48]. Several other enzymes identified here as
targets of HNE-modification in the liver (Table 1), such as Acyl-CoA dehydrogenase, 3-
ketoacyl-CoA, catalase, thiolase, glutamate dehydrogenase, etc., have also been specifically
implicated in animal models of aging, alcoholism and metabolic diseases [13, 31,49–54].

Concurrently to the SPH-based enrichment coupled with LC–MS/MS identifications of
HNE-carbonylated peptides, liver mitochondrial proteins were also separated, after
treatment with the RCS, by SDS-PAGE and immunoblotted with anti-HNE antibody to
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furnish an independent verification of our findings (Fig. 2). Proteins around 150±25 kDa and
50±5 kDa were evidently the major targets for HNE modifications under the experimental
conditions used. These bands were excised and, after in-gel digestion, proteins were
identified by data-depended LC-MS/MS analyses followed by database search. In agreement
with the SPH-based covalent enrichment technique (Table 1), carbamoyl-phosphate
synthase (Cps1, 165 kDa) was identified from the band at 150±25 kDa (Fig. S1, Supporting
Information) while Atp5b (52 kDa) was present as the predominant protein, in the band
around 50±5 kDa (Fig. S2, Supporting Information). However, their HNE-adducts could not
be identified from the SDS-PAGE bands because of the overwhelming presence of
unmodified peptides demonstrating, again, the necessity of enrichment for the unequivocal
identification/localization of peptide carbonyls prior to mass spectrometric analyses.

3.2. Pathway analysis of HNE-modified proteins from liver mitochondria
The identified 15 mitochondrial targets of HNE were submitted to Ingenuity Pathways
Analysis to elucidate the main molecular functional interactions and biological connections,
as well as to represent them by a network. The network with the highest score is shown in
Fig. 3. It contains 33 peptides/proteins, a microRNA and oxygen, and is associated with cell
death, tumor morphology and drug metabolism implicating the detrimental effect of HNE on
the cellular proteome. HNE has been implicated to be a modulator in liver cancer
development [55]; however, the mechanisms by which HNE insults may lead to tumor
formation are yet to be elucidated. The top canonical pathways in the network based on
HNE-modified liver mitochondrial proteins are Val, Leu and Ile degradation, propanoate
metabolism, pyruvate metabolism, fatty acid metabolism, the urea cycle and metabolism of
amino groups. Overall, these results support the cytotoxic nature of HNE modifications in
biological contexts.

3.3. Effects of HNE exposure on ATP synthase activity
Since covalent protein modifications generally alter function [1,7], we selected a
representative protein in the network revealed by the pathway analysis (Fig. 3) for further
studies on the effects of HNE exposure to mitochondrial proteins of the rat liver.
Specifically, ATP synthase that powers the synthesis of the energy currency of the cells was
chosen. The high sensitivity of ATP synthase to oxidative stress has been implicated
[20,23,24] and, for instance, the α-subunit of ATP synthase was found to undergo HNE
adduction in the brain of patients with mild cognitive impairment that was also accompanied
by a significant decrease of ATP synthase activity compared to the age-matched controls
[56]. In the present study, the β-subunit of ATP synthase was revealed as a major HNE-
modified protein in rat liver mitochondria (Table 1); however, the direct effect of HNE
exposure on corresponding enzyme activity has not been reported. As shown in Fig. 4, a
significant and dose-dependent inactivation of the enzyme with an apparent IC50 of 89±17
µM was measured, when freshly isolated liver mitochondria were treated with varying
concentrations of HNE (0.02–5 mM) compared to control. The Hill coefficient
(h=0.56±0.06) also indicated, among others, interactions of the lipid peroxidation end-
product with several binding sites on the enzyme complex [57]. Indeed, multiple
modification sites were observed through our enrichment-driven proteomics approach
(Table 1). The clear benefit of our paradigm has been the rapid and straightforward
translation of target identifications to focused interrogation of functional consequences.
Specifically, the study has aptly exemplified that HNE modification(s), indeed, accompany
functional consequence by inactivating ATP synthase that has also been speculated to result
in electron leakage and eventually in enhanced ROS production [25]. Investigations of the
impact of HNE modifications on the function of additional proteins implicated by our
analyses (Table 1 and Fig. 3) are in progress and will be reported separately.
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In summary, we have shown in the present study that selective capture and, then, release of
HNE-modified tryptic peptides followed by LC–MS/MS analysis offer the benefit of
unambiguous identification of protein targets as well as sites of modification. Here, we
identified protein–HNE Michael adducts in rat liver mitochondria heavily implicated in
pathological processes not only involving the liver, but also other organs, including the brain
[24,56]. Our study also reinforces the concept that HNE-induced carbonylation is selective
and not a stochastic phenomenon. Bioinformatics interrogating mitochondrial protein
networks revealed cell death, tumor morphology and drug metabolism that may be
influenced by HNE-modifications. As an example to the potential functional consequences
of HNE-induced carbonyl stress, we have also shown in isolated rat liver mitochondria a
dose-dependent loss of enzyme activity for ATP synthase, one of the major targets for
posttranslational modification by HNE and associated with the highest scoring network from
our pathway analysis.
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Fig. 1.
(a) MS/MS spectrum for [M+2H]2+ ion of LVLEVAQHLGESTVR from the ATP synthase
beta-subunit (m/z 904.0259); (b) MS/MS spectrum for [M+2H]2+ ion of
AQTAHIVLEDGTK of carbamoyl-phosphate synthase (m/z 769.9283). HNE-modified
residues are indicated by bold typeface).
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Fig. 2.
SDS-PAGE and immunoblots of HNE treated mitochondrial proteins from rat liver: (a)
Coomassie-stained SDS-PAGE, (b) anti-HNE and (c) anti-ATP synthase β-subunit
immunodetection from the SDS-PAGE. Lane 1, control sample without HNE treatment;
Lane 2, liver mitochondria treated with 2 mM HNE for 10 min; Lane 3, sample treated with
2 mM HNE for 30 min; M, protein standards. Arrows indicate the bands cut from lanes 2
and 3 for in-gel digestion and protein identification.
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Fig. 3.
The highest scoring network constructed through Ingenuity Pathways Analysis based on
protein targets for carbonylation by HNE in liver mitochondria (grey objects, input) shows
33 proteins, a microRNA (MIR17) and a signaling molecule, oxygen. Protein-protein
interactions from the network diagram are represented by single lines and proteins/
compounds that regulate another protein are indicated by arrows. Solid or dashed lines
indicate direct or indirect interactions, respectively. The various shapes represent different
protein functions: enzyme (diamond), ligand-dependent nuclear receptor (rectangle lying on
its side), transcription regulator (oval), kinase (inverted triangle), ion channel (dashed
rectangle), transporter (trapezoid), protein complex (concentric circle) and other (circle).
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Fig. 4.
ATP synthase activity of rat liver mitochondria after treatment with increasing
concentrations of HNE.
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Table 1

A list of HNE-modified tryptic peptides of liver mitochondrial proteins identified after SPH enrichment and
data-dependent MS/MS acquisition.

Protein namea IPI
accession
number

HNE-modified peptides Modification site(s)

3-ketoacyl-CoA thiolase (Acaa2) IPI00201413 HNFTPLAR
LDLDPSKTNVSGGAIALGHPLGGSGSR
TNVSGGAIALGHPLGGSGSR

271, 352

Acyl-Coenzyme A dehydrogenase
(Acads)

IPI00231359 LHTVYQSVELPETHQMLR 26

Acetyl- CoAacetyltransferase (Acat1) IPI00324302 IHMGNCAENTAK 189

Methylmalonatesemialdehyde
dehydrogenase [acylating] (Aldh6a1)

IPI00205018 NHGVVMPDANKENTLNQLVGAAFGAAGQR 289

ATP synthase subunit beta (Atp5b) IPI00551812 AHGGYSVFAGVGER
LVLEVAQHLGESTVR
IMDPNIVGSEHYDVAR

102, 227, 417

Catalase (Cat) IPI00231742 NAIHTYVQAGSHIAAK
NAIHTYVQAGSHIAAK
GAGAFGYFEVTHDITR
NFTDVHPDYGAR
LFAYPDTHR
AVKNFTDVHPDYGAR
VWPHKDYPLIPVGK
LCENIANHLKDAQLFIQR

89,260, 305,362,
466, 486, 510,518

Carbamoyl-phosphate synthase (Cps1) IPI00210644 AQTAHIVLEDGTK
VSQEHPVVLTK
VISHAISEHVEDAGVHSGDATLMLPTQTISQGAIEK
MCHPSVDGFTPR
FVHDNYVIR

47, 817, 1162,
1202, 1447

Glutamate dehydrogenase 1 (Glud1) IPI00324633 HGGTIPVVPTAEFQDR
ISGASEKDIVHSGLAYTMER
DIVHSGLAYTMER

481, 507

Glutathione S-transferase kappa 1 (Gstk1) IPI00327079 AGMATAQAQHLLNK 154

Hydroxyacylglutathione hydrolase (Hagh) IPI00214152 TVQQHAGETDPVTTMR
HVEPGNTAVQEK

234, 284

Pyruvate carboxylase (Pc) IPI00210435 VVEIAPATHLDPQLR 282

Stress protein-70 (Hspa9) IPI00363265 ASNGDAWVEAHGK 157

Sulfite oxidase (Suox) IPI00193919 VSVESEESYSHWQR 395

Transketolase (Tkt) IPI00231139 HQPTAIIAK 233

Thiosulfate sulfurtransferase (Rhodanese)
(Tst)

IPI00366293 YLGTQPEPDAVGLDSGHIR 204

a
Gene symbols are given in parentheses.
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