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Abstract
The sustained overproduction of reactive oxygen and nitrogen species results in an imbalance of
cellular prooxidant-antioxidant systems and is implicated in numerous disease states, including
alcoholic liver disease, cancer, neurological disorders, inflammation and cardiovascular disease.
The accumulation of reactive aldehydes resulting from sustained oxidative stress and lipid
peroxidation is an underlying factor in the development of these pathologies. Determining the
biochemical factors that elicit cellular responses resulting from protein carbonylation remains a
key element to developing therapeutic approaches and ameliorating disease pathologies. This
review details our current understanding of the generation of reactive aldehydes via lipid
peroxidation resulting in protein carbonylation, focusing on pathophysiologic factors associated
with 4-hydroxynonenal-protein modification. Additionally, an overview of in vitro and in vivo
model systems used to study the physiologic impact of protein carbonylation is presented. Finally,
an update of the methods commonly used in characterizing protein modification by reactive
aldehydes provides an overview of isolation techniques, mass spectrometry and computational
biology. It is apparent that research in this area employing state-of-the-art proteomics, mass
spectrometry and computational biology is rapidly evolving and yielding foundational knowledge
concerning the molecular mechanisms of protein carbonylation and its relation to a spectrum of
diseases associated with oxidative stress.

1. Introduction
Protein modification through carbonylation reactions is a documented consequence of
oxidative stress, first defined as “a disturbance in the prooxidant-antioxidant balance in
favor of the former leading to potential damage”. 1 In the healthy aerobic organism, there is
a steady-state level of reactive oxygen species (ROS) and reactive nitrogen species (RNS)
production that is readily buffered by effective cellular defense systems including
glutathione as well as the antioxidant enzymes copper-zinc superoxide dismutase and
glutathione peroxidase. However, the sustained overproduction of ROS and RNS
overwhelms these defense systems and is implicated in a number of clinical conditions
involving essentially every organ system. The resulting clinical conditions are characterized
by chronic inflammation and include cardiovascular disease, alcoholic liver disease, diabetes
and a spectrum of other disorders.

Identifying the carbonylation of proteins critical for cellular homeostasis could potentially
provide important information concerning molecular mechanisms underlying the
development and progression of diseases linked to oxidative stress. Generally, protein
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carbonylation is an irreversible non-enzymatic process resulting from ROS and downstream
products of oxidative processes, such as metal-catalyzed oxidation (MCO) and the
peroxidation of polyunsaturated fatty acids (PUFAs). 2, 3 Protein carbonyl groups are
derived through two major mechanisms; where amino acid side chains are oxidized directly
(direct) or through conjugation by reactive species such as advanced lipoxidation end
products and advanced glycation end products (indirect). 2–4 The respective contribution of
protein carbonyls derived directly or indirectly to disease pathologies remains unknown. It is
likely that quantities of carbonyl derivatives generated and the length of time the generation
is sustained are major factors. One point is that very few if any studies have been performed
to monitor the time course of protein carbonyls and progression/regression of disease.
Significant progress has been made in identifying certain proteins that are targets of
carbonylation in order to understand the properties of these proteins that predispose them to
this modification. Nevertheless, the molecular mechanisms involved in protein
carbonylation via reactive aldehydes have proven complex and the experimental approaches
used to recover and identify these modified proteins remain challenging. The purpose of this
review is to provide an overview focusing on protein modification by reactive aldehydes
derived from lipoxidation and their potential link to the initiation and progression of diseases
associated with sustained oxidative stress. In addition, this perspective presents an update of
the recent advances in experimental approaches employed to recover and identify proteins
modified by oxidative damage.

2. Reactive Aldehydes and Factors Predisposing Proteins to Modification
Detrimental molecular consequences of oxidative stress can occur via two mechanisms,
macromolecular damage and disruption of the regulation of redox signaling, resulting from
free radical and non-radical induced damage, respectively. 5 Under basal conditions, these
molecules with oxidant potential are produced at moderate concentrations. As such, these
free radicals and nonradicals are involved in signaling cascades which upregulate numerous
cellular pathways, including those involved in the generation of antioxidant defenses which
maintain redox homeostasis under short-lived incidences of stress. Cellular redox auto-
regulation yields an abundant supply of free radical scavenging enzymes (i.e. superoxide
dismutase) as well as endogenous factors (i.e. GSH), which prevent a majority of free
radical chain reactions from occurring.

A steady flow of ROS is generated through metabolic processes, as a consequence of
oxidase activity, endoplasmic reticulum and mitochondrial electron transport, giving rise to
superoxide anion (O2

·-) and hydrogen peroxide (H2O2). Likewise, pro-oxidant environments
created as a result of situations such as chronic ethanol intoxication exacerbate free radical
production through dysregulation of hepatic enzymes such as cytochrome P450 2E-1
(CYP2E1), xanthine oxidase, superoxide dismutase, and aldehyde oxidases increase O2

·-
and H2O2 levels. 6 In the presence of transition metals such as iron, both O2

·- and H2O2
generate highly reactive hydroxyl radicals (HO·) through Fenton-type reactions. 7 Nitric
oxide (NO), the major precursor for cellular RNS, is produced in biological systems by
specific nitric oxide synthases involved in a number of signaling pathways, including
neurotransmission, defense mechanisms, and immune regulation. 8 Whereas NO and O2

−

are short-lived species, under certain conditions they react to produce significant amounts of
an even more oxidatively active molecule, peroxynitrite anion (ONOO−). 9 Through the
generation of ONOO−, NO contributes to the majority of biological RNS toxicity. 10

Consequently, the overproduction of HO· and ONOO− during oxidative stress leads to free
radical mediated damage and the generation of nonradical oxidants, both of which may
modify DNA, carbohydrates, proteins, and lipids.
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One mechanism of free radical mediated damage occurs through initiation events such as
lipid peroxidation, and is of particular interest to researchers in applied toxicology, as
protein carbonylation via toxic reactive aldehydes is known to result in altered protein
function. 11–14 The generation of free radicals in close proximity to lipid rich cellular
membranes containing PUFAs initiates lipid peroxidation, which occurs when HO· and
ONOO− abstract an allylic hydrogen from PUFAs. The initial step in this process
demonstrates the basic principle that reaction of a radical (HO· and ONOO−) with a non-
radical species, typically results in the generation of a new, less reactive radical, which, in
this case is a carbon-centered lipid radical (L·) (Figure 1). 15 This lipid radical, in turn, reacts
with molecular oxygen to yield a lipid peroxyl radical (LOO·), resulting in the formation of
lipid hydroperoxide (LOOH). These lipid hydroperoxides react with trace metals to form
lipid alkoxyl radicals (LO·). 15 Both LO· and LOO· radicals generate reactive α,β-
unsaturated aldehydes through cyclization and/or β-scission and degradation, most
commonly generating highly electrophilic products such as 4-hydroxynonenal (4-HNE),
malondialdehyde (MDA) and acrolein (ACR). As defined, these reactive aldehyde species
result from free-radical initiated lipid peroxidation and are fairly long-lived within the cell,
persisting for up to two minutes, allowing for intracellular diffusion and covalent
modification of DNA, lipid, and protein throughout the cell. 16 The mobility and reactivity
of these products of lipid peroxidation are central to their involvement in altered cellular
signaling and diseases of oxidative stress.

2.1. Pathophysiologic Factors Associated with 4-HNE-Protein Modification
Low to even moderate exposure of cells to pro-oxidative conditions is proposed to elicit a
spectrum of cytoprotective responses. Under such circumstances, changes in steady state
levels of 4-HNE are minimal and transient, resulting in controlled modification of cellular
proteins. The modulation of transcriptional events through the Keap1-Nrf2 cascade and
subsequent regulation of EpRE/ARE responses to 4-HNE is an example of such protective
cellular networks. 17–19 It is not surprising that 4-HNE-modification of proteins is
implicated in a spectrum of tissues obtained from humans and laboratory animals with
pathophysiologic conditions characterized by sustained oxidative stress such as various
neurodegenerative disorders including Alzheimer’s Disease. 20–26 Likewise, 4-HNE-
modfied proteins have been detected in patients or animal models of diabetes, cardiovascular
disease and a spectrum liver disorders including dysregulation of iron storage, nonalcoholic
fatty liver disease or alcoholic liver disease. 27 These associations do not imply that 4-HNE
production and subsequent protein modification is a primary cause of these diseases.
However, the modification of certain proteins by this reactive biogenic aldehyde could play
important roles in progression of these disorders, all of which are characterized by
inflammation and oxidative stress.

Fundamentally it is important to determine if these protein modifications are simply a
biomarker for inflammation and oxidative stress or whether they alter protein function and
therefore regulate or control the biochemical pathways related to these altered proteins.
Clearly 4-HNE modification of reactive thiols is reported to alter the enzymatic activity of
certain proteins 11, 28, 29; however, characterizing the cause-effect association of these global
changes with imparted cellular processes in vivo remains limited given the sensitivity and
specificity of technologies available today. Currently, it appears as though only a small
fraction of the protein pool is modified, further complicating our interpretation of how these
modifications are mechanistically linked to the respective diseases.

2.2. Electrophile-Nucleophile Interactions
4-Hydroxynonenal is an α,β-unsaturated carbonyl. This conjugated system is characterized
by an electron-withdrawing carbonyl group creating an area of electron deficiency at the β-
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carbon. This electrophilic center is the inherent property of 4-HNE rendering it a relatively
strong electrophile. It is not surprising that this electron deficient species readily reacts with
electron rich functional groups of nucleophiles. Therefore, predictable nucleophilic targets
in proteins for 4-HNE adduction are cysteine, histidine and lysine. One primary determinant
for 4-HNE reaction with these nucleophiles is the pKa value at physiological pH of the
corresponding sulfhydryl (8.3), imidazole (6.04) and ε-amino side chain (10.5), respectively.
The physiochemical and quantum mechanical parameters of the interactions of these
nucleophiles with the electrophilic type 2 alkenes, acrolein and 4-HNE, are described in a
recent comprehensive review. 30 In brief, all of the quantitative parameters unequivocally
demonstrate the marked reactivity of the Cys thiolate with type 2 alkenes. It is noteworthy
that these physiochemical calculations are consistent with a number of proteomic studies
which identify cysteine sulfhydryl groups as favored targets for modification by 4-HNE,
acrolein and a spectrum of type 2 alkenes. 31–36 One factor predisposing Cys residues in
proteins to adduction by type 2 alkenes is that Cys thiols are frequently found in catalytic
triads or diads facilitating shuttling of protons between flanking His, Lys and Arg residues,
as well as their acidic equivalents (Asp, Glu) assisting in deprotonation of the sulfhydryl to
the reactive thiolate anion.

It is important to note that the nucleophilic targets of 4-HNE modification in proteins
occupy microenvironments within the protein that significantly impact their reactivity. For
instance, those nucleophilic residues that are solvent accessible are predictably more
reactive to addition reactions by 4-HNE. Conversely, amino acid nucleophilic residues that
are buried within secondary and tertiary structures of a particular protein are less likely to be
targets for type 2 alkene modification. For instance, a recent report describes the selective
modification of Cys residues in the antioxidant protein, peroxiredoxin 6. 37 These
investigators reported that the solvent accessible Cys91 was readily modified by 4-HNE
while the active site Cys47 was not, even when exposed to high concentrations of this
biogenic aldehyde.

Several investigators have explored the possibility that modification of human serum
albumin (HSA) by end products of lipid peroxidation might be a reliable biomarker of
oxidative stress. 31, 36, 38 Two reports 31, 36 suggest that that Cys34 is a particularly reactive
nucleophile in HSA towards 4-HNE whereas Lys242 is reported to be especially susceptible
for modification by this biogenic aldehyde. 38 In the latter case, selective Michael adduction
of His residues of HSA by 4-HNE is an example of how protein microenvironments
influence electrophile interactions with nucleophilic target residues. When exposed to 4-
HNE, this 66-kDa protein displayed 10 sites of modification, 4 of which were Lys- Michael
addition products with the remaining 6 modifications detected at His residues. Interestingly,
through isotopeassisted adduction kinetic analysis, His242 present in the hydrophobic
binding region of the HSA was demonstrated to be the most reactive. Analysis of the HSA
crystal structure revealed that the hydrogen bonding of the 4-hydroxyl group of 4-HNE with
an adjacent Lys199 facilitates formation of the Michael adduct with His242. These
investigators employed an algorithm, in conjunction with the crystal structure of HSA, to
estimate pKa values for the His and Lys target residues. Remarkably, the estimated pKa of
His242 was predicted to be 0.81, further supporting its reactivity towards 4-HNE.

2.3. Protein Abundance
Studies with HSA demonstrate that modification by 4-HNE follows pseudo-first order
kinetics 38. Therefore, it is predictable that the concentration of a cellular protein is an
important factor in determining its interaction with and modification by lipid-derived
electrophiles, including 4-HNE. In this context, a number of investigators report 4-HNE
modification of extra- and intracellular proteins documented to be very abundant. For
instance intracellular proteins such as creatine kinase and glyceraldehyde 3-phosphate
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dehydrogenase which are involved in metabolic processes are present in high concentrations
and have been identified as targets of carbonylation in a number of independent
studies. 39–42 Likewise, circulating HSA is present in concentrations upwards to 50 mg/ml
making it one of the more abundant proteins present in serum or plasma and a potential
biomarker for modification by 4-HNE. 38, 43

The results of a recent comprehensive study clearly show, however, that modification of
intracellular proteins by 4-HNE proceeds on the basis of target specificity rather than
abundance. 44 The basis for this experimental design is that proteins that are true targets for
4-HNE modification will be consistently detected in a 4-HNE concentration-dependent
manner because the reaction follows pseudo-first order kinetics. 38 These investigators
employed an experimental design using RKO cells exposed to subtoxic (0–100 µM)
concentrations of 4-HNE for 1 hour. At the conclusion of the incubation period, intracellular
proteins modified through 4-HNE Michael adduct formation were biotynylated, captured by
streptavidin, subjected to proteolysis and identified by LC-mass spectrometry. Parallel
experiments were performed using identical protein extracts from RKO cells not exposed to
4-HNE. As expected, there was some overlap in the proteins identified in cells treated with
4-HNE and those cells not treated. Interestingly, however, the correlation coefficient
calculated for spectral counts between these overlapping proteins was not significant (0.044)
indicating disassociation of the concentration-dependent relationship. The results of this
study formulate a reproducible experimental approach to discriminate between proteins that
are true targets for 4-HNE modification, independent of their respective abundance.

3. Characterizing Protein Carbonylation
Diseases of chronic oxidative stress involve the accumulation of reactive aldehydes. As
described previously, this increase in lipid peroxidation products includes reactive aldehydes
such as acrolein, 4-HNE and MDA, among numerous other ROS and RNS derived
electrophiles. Endogenous and exogenous processes leading to the generation of these
reactive aldehydes are well documented; however, their impact on cellular processes
remains unclear. As noted, these electrophiles are known to play a role in intracellular
signaling and, under stressed situations these electrophiles have the ability to modify
nucleophilic amino acid side chains, potentially altering protein structure and function.
Determining how cellular pathways are affected by these protein modifications is central to
elucidating the molecular mechanisms of oxidative stress-related disease states and may
provide avenues for potential therapeutics. In recent years, advances in proteomic techniques
and mass spectrometry (MS) instrumentation have aided researchers in identifying these
targets of carbonyl modification. The capacity to selectively isolate and identify both in vitro
and in vivo protein carbonylation products relies heavily on the specificity and sensitivity of
these methods. Incremental developments in ionization techniques and MS instrumentation
are enabling researchers to identify protein modifications on a large scale and at a rapid
pace.

3.1. In Vitro and In Vivo Model Systems
Diseases involving chronic oxidative stress and protein carbonylation are commonly
examined through two models; cell culture and vertebrate model systems. Cell culture
models include the treatment of an appropriate cell line with correlative agents for a specific
physiologic insult, such as cigarette smoke condensate or ethanol in an attempt to replicate
cellular stresses involved in chronic obstructive pulmonary disease and alcoholic liver
disease, respectively. 45–47 An alternative in vitro model involves cell treatments using
metabolic downstream products of oxidative stress, such as acrolein or 4-HNE. 44, 48–51

Using these models, researchers are able to identify potential causative relationships
resulting from these reactive aldehydes and subsequent protein carbonylation. This approach
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allows for the enhanced detection and identification of protein carbonylation targets;
treatments typically involve pathophysiologically relevant levels of reactive aldehydes or
chemically synthesized analogs, while cellular antioxidant defenses are limited.
Furthermore, performing these experiments with media in the presence or absence of serum
may result in dramatically varied outcomes as serum albumin and other serum proteins are
known reactive aldehyde scavengers. 31 While these cell culture models provide benefits in
detecting targets of protein carbonylation, their relevance to physiologic insults remains
limited, as verification through in vivo model systems is crucial to understanding the
physiological impact of these biogenic aldehydes.

A spectrum of vertebrate models has been used for the evaluation of oxidative stress-related
diseases and many have identified cellular pathways affected via protein
carbonylation. 24, 52–54 Utilizing antibody-based methodologies in probing protein
carbonylation, it is possible to further enhance our understanding of disease processes and
evaluate the physiological consequences of chronic oxidative stress. However, in vivo
characterization of these modified proteins has proven difficult as these methods involve
subcellular fractionation or serum isolates, both of which contain complex protein mixtures.
This requires a high level of specificity and sensitivity in detecting proteins expressed at a
low-level. Developing both gel-based and gel-free strategies for separating and
concentrating carbonylated proteins from these complex solutions has been a focus of many
researchers, resulting in the development of numerous methods for isolating and
characterizing modified proteins. Exhaustive lists of carbonyl-modified proteins identified
through in vitro, and to a lesser extent, in vivo model systems are detailed elsewhere. 27, 44

3.2. Isolation of Carbonylated Protein
Understanding mechanisms of adduct formation and stability is central to developing
strategies for the isolation of carbonylated protein from both cell lysates and tissue
extracts. 4, 30, 55 As detailed above, these aldehydes react primarily through Michael-type
additions with the sulfhydryl group of cysteine, the imidazole moiety of histidine and the ε-
amino group of lysine in the general order of reactivity, Cys>>His>Lys. 56 Reactivity with
arginine occurs at much lower levels than that of lysine and is rarely detected 57. Schiff base
formation may also occur through lysine and arginine residues and is largely responsible for
carbonyl-induced protein cross-linking; however both Michael-type and Schiff base adducts
may initiate cross-linking. 22 Enzymatic processes capable of removing these adducts
remain undiscovered, yet numerous studies have examined the reversibility and stability of
Michael-type and Schiff base reactions in vivo and in vitro. 56, 58–61 A recent study by
Xiaoxia Tang et al. examined the modification of cytochrome c by 4-HNE and reported that
while Lys-4-HNE adducts were observed to be reversible, the 4-HNE-His33 adduct was
quite stable. 61 Strategies for stabilizing and isolating carbonylated proteins are valuable
tools aiding in the identification of cellular processes impacted under situations of chronic
oxidative stress (Figure 2).

The de facto method for isolating protein carbonyls is through chemical derivatization. The
most common reagent employed is dinitrophenylhydrazine (DNPH), which forms a
reducible hydrazone bond with carbonyl groups associated with aldehydes and ketones and
is readily detectable via immunodetection. Protein carbonyl content is often determined in
this manner with an “Oxyblot”, involving the treatment of cell lysates with DNPH followed
by Western blotting using anti-DNPH antibody. A number of methodological variations
exist that are based on these carbonyl-trapping hydrazides, including solid-phase hydrazides,
biotin hydrazide and aldehyde reactive probes, which are often coupled with gel
electrophoresis and MS analysis for protein identification (Figure 2A). 45, 53, 62–71 Once
considered to be a highly specific agent, recent evidence questions DNPH specificity for
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protein carbonyls, as sulfenic acid derived thioaldehydes/aldehydes are also derivatized via
DNPH treatment. 72

Another strategy for isolating protein carbonyls involves the application of Girard’s P
reagent (GPR); developed initially to derivatize and solubilize insoluble steroids, this
reagent also derivatizes oxidized proteins. 73–75 One noted advantage is the presence of both
hydrazide and quaternary amine functional groups. While the hydrazide reacts as described
above with protein carbonyls, the positively charged amine allows for derivatized protein
enrichment via strong cation exchange chromatography (SCX) at neutral pH (Figure 2B).
Recently, this technique provided a sensitive and selective method for protein carbonyl
detection in yeast proteome stressed by hydrogen peroxide treatments, GPR was coupled to
SCX and utilized in a stable-isotope dilution MS assay to identify 41 carbonylated peptides
from 36 distinct proteins isolated from yeast proteome. 75

Recently, innovations in identifying protein targets has yielded the method of Click
Chemistry, an azide-alkyne Huisgen cycloaddition that is a 1,3-dipolar cycloaddition
between an azide and a terminal alkyne to yield a 1,2,3-triazole. 76 Demonstrated as a viable
method for in vitro and ex vivo model systems, the addition of an alkynyl-aldehyde
derivative (i.e., alkynyl-4-HNE) to cell culture or human plasma provides a method for
identifying protein targets of 4-HNE modification. 77, 78 Once proteins are modified by the
alkynyl-4-HNE, an azido-biotin agent is then applied to the sample, yielding a protein-4-
HNE-alkynyl-azido-biotin derivative, which is readily characterized via avidin pulldown,
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and LC-MS
analysis (Figure 2C).

3.3. Applications of Gel Electrophoresis
Proteomic analysis requires the separation of complex protein mixtures resulting from
cellular extracts and subcellular fractions. A recent report describing the chemical labeling
and detection of proteins modified by lipid peroxidation products outlines a number of the
more readily available approaches using gel electrophoresis and mass spectrometry. 79

Commonly applied in the detection of protein post-translational modifications (PTMs), one-
dimensional and two-dimensional SDS-PAGE (1D-/2D-SDS-PAGE) provides efficient
separation of complex protein mixtures for immunodetection, coomassie staining,
proteolysis and MS characterization. Evaluating protein modifications via immunodetection
and MS analysis is typically achieved through comparative Western blotting. Preferentially
performed using 2D-SDS-PAGE immunodetection, an identical coomassie-stained gel is
aligned to determine protein spots of interest, which are subsequently excised and digested
for MS characterization. This technique enables the identification of covalently modified
proteins through immunodetection while confirming protein identity via MS. One drawback
of such methods is that the co-migration of immunoreactivity with a particular protein does
not unambiguously demonstrate that the protein identified by MS is the same protein as that
presenting the lipid-derived modification that is detected immunologically. Unfortunately,
the adducted residue is rarely identified using this approach, as sensitivity and specificity
may be rate-limiting. Although rare, identification of abundant and/or highly modified
proteins does occur, providing in vivo adduct characterization by MS analysis. 11

Furthermore, although this technique is commonly adapted, it is generally misrepresented as
evidence supporting the identification of modified proteins. However, it is only reliable for
those very few instances in which the identification of the modified protein is established by
sequencing that includes detection of the lipid-modified amino acid residue. Oftentimes a
complementary in vitro analysis of recombinant protein treated with physiologically relevant
concentrations of reactive electrophiles is helpful in confirming protein modification as well
as identifying the exact residue of adduction.
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3.4. Developments in Mass Spectrometry
Recent reviews have detailed the application of matrix assisted laser desorption time-of-
flight (MALDI-TOF) and liquid chromatography electrospray ionization tandem mass
spectrometry (LC-ESI-MS/MS) in proteomic analysis and addressed standard MS
techniques analyzing protein covalent modifications. 80, 81 Advances in protein separation
and isolation with DNPH derivitization and Click Chemistry continue to enhance protein
carbonyl detection. Technical developments in protein separation with two-dimensional
liquid chromatography as well as increases in mass spectral resolving power and sensitivity
have provided significant advancements in protein carbonyl mapping. Recently, high
resolution Fourier Transform MS (LC-FTMS) using an LTQ-Orbitrap instrument was
applied to analyze aldehyde modification of bovine serum albumin in vitro and human
plasma proteins in vivo. 82 Applying a derivitization method using alkyl chloroformates, the
investigators were able to qualitatively detect Michael-type and Schiff base adducts of
individual modified amino acids after complete protein hydrolysis, which have the potential
to be used as biomarkers for situations of chronic oxidative stress.

While progress in MS sensitivity and resolution has accelerated proteomics research in
elucidating the physiological impact of protein carbonylation, the most important
development has occurred in peptide fragmentation methodology. MS/MS fragmentation of
adducted peptides allows for identifying the exact residue of carbonylation. In general, MS/
MS analysis is performed via collision induced dissociation (CID). Unfortunately, CID
introduces internal vibrational energy to the peptide to induce peptide backbone
fragmentation and may result in a neutral loss of PTMs. CID fragmentation occurs at the
least stable backbone amide or adduct bond, characteristically resulting in b- or y-type ions.
Frequently, MS/MS fragmentation of peptides containing protein carbonyls results in the
neutral loss of the modification, similar to other labile PTMs such as phosphorylation. PTM
chemical stabilities and residue interactions vary widely, often rendering it quite difficult to
confirm the location of the amino acid modification. In the more recently developed
techniques of electron capture dissociation (ECD) and electron transfer dissociation (ETD),
MS/MS peptide fragments retain PTMs more efficiently. ECD and ETD provide a more
even distribution of fragmentation ions via backbone amine cleavage yielding c- and z-type
ions. This presents the most comprehensive solution for complex PTM analysis because
unstable modifications are usually retained during the fragmentation process. Recent
publications describing ECD/ETD fragmentation for detection of 4-HNE adducts represent a
potential paradigm shift in PTM characterization. 83–86

3.5. Computational Biology
Over the last few decades, advances in computational hardware and software have
significantly advanced the predictive nature of computational biology. Highly specialized
computational software packages such as Discovery Studio (Accelrys Inc., San Diego, CA)
and Spartan (Wavefunction, Inc., Irvine, CA) are now widely available to aid in predicting
and visualizing proteomic alterations due to reactive electrophiles. One of the many
advantages in applying molecular modeling to examining chemical mechanisms of protein
carbonylation is the ability to visualize adducted species in a 3-dimensional,
physiologically-replicated microenvironment. Additionally, the accumulation of protein
crystal structure data and homology modeling has contributed to a continually expanding
PDB database (RCSB Protein Data Bank, http://www.rcsb.org) which is often used as a
critical resource when modeling the predictive impact of protein carbonylation. Recent
publications demonstrate the insights provided through computational modeling. For
instance, mechanisms of 4-HNE- and 4-oxononenal (4-ONE)-induced protein crosslinking
was elucidated in the study of peroxiredoxin 6. 37 Likewise, other investigators have used
proteomics, in conjunction with molecular modeling, to elucidate inhibitory actions of 4-
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HNE-protein modification of SIRT3 28 and Akt2 29. In another study Wakita et al. employed
computational modeling to provide structural insight into the stereoselective formation of 4-
HNE-sulfhydryl modifications of a redox-regulated protein through visualizing electrostatic
surface potential maps. 87 Furthermore, a recent review details the use of quantum
mechanical analysis for the reactive nature of hard and soft electrophiles with potential
target protein residues. 30 Importantly, the further integration of computational modeling
with proteomics analysis of protein carbonylation will continue to contribute to our
understanding of the molecular mechanisms of these reactive aldehydes and their role in
altering physiological processes.

4. Challenges and Future Direction
A limited number of well-designed studies employing physiological and non-cytotoxic
concentrations of reactive aldehydes have been performed with the goal of identifying
specific proteins as targets of carbonyl modification. A modest group of carbonylated
proteins are reported with respect to specific biochemical pathways and implications for
human health and disease. This is not surprising given the small fraction of a given protein
population that is directly modified by reactive biogenic aldehydes and the unstable or
transient nature of the protein adducts. Thus, further advancements in isolation techniques
and chemistries will be required to locate modified amino acid residues of protein targets in
vivo. Finally, to clearly demonstrate the biological significance of such protein modification,
it is also essential to develop quantitative analytical protocols that, at a minimum, provide a
measure of the relative amounts of modified versus unmodified protein. A significant
challenge going forward is the organization, integration and interpretation of information
derived from protein carbonyl data sets. Importantly, a collective bioinformatics approach to
systems biology will be needed to model and interpret such massive datasets in context of
modulation of responsive genes, relevant transcription factors, changes in corresponding
protein expression as well as impact on central metabolic pathways. An overview of an
integrated approach to data analysis was recently presented 88 demonstrating how a
bioinformatics analysis of data derived from cells exposed to 4-HNE revealed changes in
gene expression functionally related to transcriptional changes which, in turn, were
mechanistically linked with modulation of specific cellular signaling networks. The
approach of identifying the impact of protein carbonylation on cell signaling is especially
intriguing in that depending on the signaling pathway, small changes in a signaling cascade
can markedly attenuate or amplify cellular responses to stimuli. A central goal of studies
involving protein carbonylation is identification of protein targets that serve as biomarkers
for disease states or adverse cellular responses to chemical toxins. Likewise, changes in
protein carbonylation have the potential of providing information about beneficial responses
to therapeutic agents. It is clear that cellular responses to protein carbonylation are
multifactorial requiring refinement in the current techniques used to capture, identify and
quantify carbonylated proteins. Similarly, application of the systems approach to facilitate
integration and interpretation of cellular or organismic responses to carbonylated proteins
will be essential.

Non-standard Abbreviations

ROS reactive oxygen species

RNS reactive nitrogen species

MCO metal catalyzed oxidation

PUFA polyunsaturated fatty acid
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GSH glutathione

O2
·- superoxide anion

H2O2 hydrogen peroxide

CYP2E1 cytochrome P450 2E-1

HO· hydroxyl radical

NO Nitric oxide

ONOO− peroxynitrite anion

L· lipid radical

LOO· lipid peroxyl radical

LOOH lipid hydroperoxide

LO· lipid alkoxyl radicals

4-HNE 4-hydroxynonenal

MDA malondialdehyde

ACR acrolein

DNA deoxyribonucleic acid

Keap1 Kelch-like ECH-associated protein 1

Nrf2 Nuclear factor (erythroid-derived 2)-like 2

EpRE/ARE electrophile/antioxidant response element

HSA human serum albumin

MS mass spectrometry

DNPH dinitrophenylhydrazine

GPR Girard’s P reagent

SCX strong cation exchange

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

PTM post-translational modification

MALDI-TOF matrix assisted laser desorption time-of-flight

LC-ESI-MS/MS liquid-chromatography electrospray-ionization tandem mass
spectrometry

FTMS fourier transform mass spectrometry

CID collision-induced dissociation

ETD electron-transfer dissociation

ECD electron-capture dissociation

PDB protein databank

4-ONE 4-oxononenal.
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Figure 1.
Lipid peroxidation of PUFAs results in the generation of biogenic aldehydes.
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Figure 2. Strategies for isolating oxidative posttranslational protein modifications in vitro and in
situ
(A) Biotin hydrazide involves the formation of a reducible hydrazone bond with the
carbonyl carbon of Michael-type protein adducts. This method provides specificity for
protein carbonyls via avidin-biotin binding, eliminating non-specific binding which may
occur with immunoprecipitation techniques. (B) Girard’s P reagent provides an example for
modifying existing hydrazide chemistry to enhance specificity and selectivity. The presence
of a positively charged quaternary amine in addition to the functional hydrazide allows for
additional separation utilizing neutral pH strong cation exchange chromatography. (C) Click
Chemistry is a recently developed strategy for isolating protein carbonyls. This method is
applied to determine protein targets of reactive aldehyde species. Synthesized alkynyl-4-
HNE is utilized to achieve protein carbonylation, which is then reacted with an azido-biotin
reagent to form a triazole-linked product. Avidin isolation and subsequent proteomic
analysis allows for identification of a broad spectrum of protein targets of 4-HNE.
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