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Abstract

Lipid peroxidation is responsible for the generation of chemically reactive, diffusible lipid-derived
electrophiles (LDE) that covalently modify cellular protein targets. These protein modifications
modulate protein activity and macromolecular interactions and induce adaptive and toxic cell
signaling. Protein modifications induced by LDEs can be identified and quantified by affinity
enrichment and liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based
techniques. Tagged LDE analog probes with different electrophilic groups can be covalently
captured by Click chemistry for LC-MS/MS analyses, thereby enabling in-depth studies of
proteome damage at the protein and peptide-sequence levels. Conversely, Click-reactive, thiol-
directed probes can be used to evaluate LDE-thiol damage by difference. These analytical
approaches permit systematic study of the dynamics of LDE-protein damage and mechanisms by
which oxidative stress contributes to toxicity and diseases.
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Introduction

Polyunsaturated fatty acids (PUFA), major constituents of biological membranes, are
primary targets of reactive oxygen species generated by oxidative stress [1-3]. PUFA
oxidation proceeds by both enzymatic and non-enzymatic pathways [4,5] to produce highly
reactive electrophilic oxidation products [2]. These species are capable of interacting with
and modifying various cellular targets and as a result trigger specific biochemical and
cellular responses, like alterations in cell signaling and survival [6]. The endogenous
formation of lipid oxidation products has been viewed as a marker of oxidative stress [7];
higher concentrations are associated with cellular damage, as reactive aldehydes are highly
stable and can diffuse away from the cell membrane to attack targets far from the site of
their production [8]. This cellular damage can have negative consequences for the organism,
as modifications of proteins by reactive aldehyde products of lipid peroxidation contribute to
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neurodegenerative disorders [9], activation of kinases [10,11] and inhibition of the nuclear
transcription factors [12].

Whereas the initial products of both enzymatic and non-enzymatic lipid peroxidation are
fatty acid hydroperoxides, further decomposition of these products often yields reactive
electrophiles, including «,f -unsaturated aldehydes, malondialdehyde, hydroxyalkenals,
oxoalkenals, epoxyalkenals and y-ketoaldehydes [13-16] (Figure 1). Here we use the term
lipid-derived electrophiles (LDE) to encompass this diverse range of products. These highly
reactive electrophiles can react with cellular nucleophiles through Michael addition (e.g., a,
p-unsaturated carbonyls) and irreversible Schiff base formation (e.g., aldehydes). The
nucleophilic amino acids cysteine, histidine and lysine are the most commonly modified by
lipid-derived electrophiles, but the structure and accessibility of the amino acids in protein
structures determines their vulnerability to electrophile modifications. Microenvironment-
derived characteristics of the targeted nucleophile, such as hydrogen bonding with
neighboring amino acids, can modulate the reactivity towards Michael adduct formation by
orders of magnitude [17].

Membrane rich organelles, such as endoplasmic reticulum and mitochondria have been
shown to accumulate intra-membrane lipid peroxidation derived electrophilic compounds to
as high as 4.5 mM in the lipid bilayer of isolated peroxidizing microsomes [1]. The
regulatory function and cytotoxicity of these aldehydes depends on abundance, reactivity
and longevity. Longevity varies greatly, with compounds such as 4-oxononenal (4-ONE)
and 4-hydroxynonenal (4-HNE) displaying half-lives of roughly 1 second and 2 minutes,
respectively [18,19]. By persisting on a scale of minutes, some aldehydes may have a more
pronounced global impact by altering a broader array of proteomic and genomic targets
[3,20].

More recent publications reported a significant increase in neurotoxic by-products of lipid
peroxidation, such as HNE and acrolein, when measured in healthy versus diseased states
[21,22]. Using LC-MS/MS technology, Williams and colleagues analyzed levels of HNE
and acrolein in three vulnerable brain regions of Alzheimer’s disease patients, such as
hippocampus/parahippocampal gyrus (HPG), superior and middle temporal gyrus (SMTG)
and cerebellum (CER). Data showed a statistically significant (P < 0.05) increase in the
measured levels of HNE in all three studied brain regions of Alzheimer’s disease patients
when compared to age-matched control subjects. Measurement of large differences in HNE
levels between different diseased states allowed scientists to view HNE more as a toxin
rather than as a cytoprotective electrophile. Nevertheless, the challenge remains to measure
low levels of HNE and other lipid derived electrophiles different tissue compartments [23].

Lipid peroxidation has been highlighted as a key chemical mechanism driving the effects of
oxidative stress on numerous disease processes, including inflammation, degenerative
diseases, and tumor formation [9,24]. Covalent modification of cellular proteins by LDE is
thought to be a critical mechanism by which oxidative stress contributes to these pathologies
[4]. Protein adduction by LDE is thought to initiate both adaptive and toxic cellular
responses that mediate resistance and susceptibility to different diseases including
atherosclerosis, neurodegenerative diseases, diabetes, and cancer [9,23,25]. However,
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understanding the mechanistic basis for damage and its consequences requires the
identification of the protein targets and sites of modification. In this review, we focus on
approaches to this challenging analytical problem.

The challenge of protein damage analysis

The problem of identifying protein targets of LDE is complicated by the diversity of targets
and the low levels of damage under relevant conditions, which presents a complex analytical
challenge [26]. These types of post-translational modifications (PTMSs), much like
phosphorylation or acetylation, can alter protein binding, interacting partners or subcellular
localization, even if only a small fraction of the proteome has been modified.

The low concentration of endogenously generated LDE poses multiple challenges for the
identification and quantification of their cellular targets as well as the identification of exact
sites of modification. Electrophiles are expected to react primarily in close proximity to sites
of generation, where they would be at relatively higher concentration. Thus, for in vitro
studies of cellular responses, it is not unusual to use exogenous addition of lipid electrophile
in UM concentration to approximate the effects of nM endogenous electrophile concentration
produced over time. In this way, susceptible proteins can be functionally altered in spite of
the very low electrophile concentration detected in vivo [4,27].

Proteomics approaches to characterization of protein adducts

In the past decade, there have been remarkable advances in proteomic technologies [28].
Mass spectrometry (MS) has emerged as the preferred method for in-depth characterization
of the composition, regulation and function of protein complexes in biological systems.
Recent advances in MS instrumentation, protein and peptide separations and bioinformatics
tools all have enabled modern proteomics approaches to characterize proteins and
proteomes. Mass-spectrometry-based proteomics, including the instrumentation and the
methods for data acquisition and analysis, have been discussed in several recent reviews
[29-31].

A major challenge in MS-based proteomic analysis is the exceptionally wide dynamic range
for protein expression; there is at least a million-fold difference in concentration between the
least abundant and most abundant proteins in cells. Detection of both higher abundance and
lower abundance components is thus limited by the dynamic range of the technology
platform. Moreover, modified protein forms, including oxidized- or LDE-modified proteins,
are typically present at low stoichiometry compared to unmodified forms. Thus, global
analysis of covalentyl-maodified proteins require affinity enrichment of specific adducted or
modified forms and identification methods capable of resolving and detecting anywhere
from dozens to thousands of different modified species [26].

Application of biotin hydrazide affinity capture to identify protein targets of
LDE

One of the unique features of the wide variety of proteins oxidized or modified by LDE is
the presence of carbonyl groups. Protein carbonyl groups can react with hydrazides to form
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hydrazones, which can be readily reduced by borohydride to stable secondary amines [32].
Soreghan and co-workers used a functional proteomics approach combining biotin
hydrazide and streptavidin capture methodology with LC-MS/MS analysis to identify
oxidized proteins in aged mice [32]. They identified at least 100 carbonylated proteins in a
single LC-MS/MS experiment. Target proteins ranged from high abundance cytoplasmic
proteins to several low-abundant receptor proteins, mitochondrial proteins involved in
glucose and energy metabolism, as well as receptors and tyrosine phosphatases known to be
associated with cell-signaling pathways [32]. As in all studies employing this methodology,
identifications were made at the protein level, so it is not clear whether the labeled sites were
carbonyls generated by oxidation of the proteins or by covalent protein modification by
LDE.

An important means of introduction of carbonyl groups on proteins is through covalent
addition of LDE such as acrolein, malonaldehyde, 4-hydroxy-2-nonenal (HNE) and other
hydroxyalkenals. The most extensively studied LDE, HNE is formed by oxidation of
arachidonic and linoleic acid and it is one of the most reactive [33]. HNE is a bifunctional
electrophile that modifies proteins either by Michael addition and Schiff base mechanisms.
Although Michael reaction-derived mono adducts are the major HNE protein modifications,
one molecule of HNE can react with two residues belonging to the same protein or two
different proteins and cause intra or intermolecular crosslinking [10]. The one described
crosslink modification known to occur from lipid peroxidation is formed between two lysine
residues joined by HNE [34] to form a fluorescent compound similar to lipofuscin. The
bifunctional aspect of HNE allows it to crosslink proteins by conjugate addition of Cys, His,
or Lys at C3 and Schiff base condensation with Lys at the C1 carbonyls [35]. The newly
formed fluorophore (with excitation and emission at 360 nm and 430 nm, respectively)
contributes to the fluorescence and crosslinking that arises when proteins are exposed to
HNE or ONE [36]. Among the HNE modifications, protein crosslinking, intra-and inter-
peptide links can greatly increase insolubility and resistance to degradation [37].

Because lipid peroxidation may contribute to the pathology associated with Alzheimer’s
disease (AD) and aging due to the high content of highly unsaturated fatty acids, brain tissue
from AD and control patients was examined by immunocytochemistry and immunoelectron
microscopy for evidence of HNE-crosslinking modifications [37]. The results indicated that
lipid peroxidation and subsequent HNE modification of lysine residues occurs in target
proteins for degradation in AD and that these accumulate in the lysosomal/proteasomal
degradation pathways. Although mass spectrometry has been used to identify lipid derived
electrophile adducts and crosslinks generated with isolated, purified macromolecules, the
analysis of adducts in complex systems still poses major challenges [36].

Goodlett and coworkers described a new open-modification search based pipeline for
characterizing both chemical as well as native cross-links (CXMS) in proteins by mass
spectrometry [38]. The new CXMS method offers several advantages over previously
reported techniques, being able to unequivocally identify the chemical, as well as native
cross-links, inter and intra protein formed, thus allowing potential application to analysis of
multiprotein complexes. A recent report on the mass spectrometric analysis of cross-linked
proteins described a suite of tools named Hekate[39], which address challenges involved in
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analyzing protein cross-linking. The software provides an integrated pipeline for automation
of data analysis workflow and a novel scoring system based on principles of linear peptide
analysis [39].

We applied a biotin hydrazide affinity labelling and capture approach to enable the selective
enrichment and analysis of proteins adducted by HNE [40] (Figure 2). HNE Michael
adducts from human colorectal carcinoma (RKO) cells exposed to increasing concentrations
of electrophile (0, 50 and 100 pM) for 1 h at 37 °C, were biotinylated by reaction with
biotinamidohexanoic acid hydrazide and captured with streptavidin. Captured proteins were
resolved by one dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
digested with trypsin, and identified by LC-MS/MS. Affinity capture methods in complex
proteomes entail the potential for many false-positive identifications due to nonspecific
binding to the affinity support. We thus used a label-free approach to quantify captured
proteins as a function of electrophile concentration and then identified protein targets
demonstrating concentration-dependent adduction. The levels of adduction were estimated
from spectral counts, which increased for detected peptides from true protein targets with
increasing HNE treatment concentration [41]. Of the 1500+ proteins identified, 417
displayed a statistically significant increase in spectral counts with increasing HNE exposure
concentration [40]. This relationship distinguishes true adducts from proteins
nonspecifically captured with streptavidin or proteins containing carbonyls not derived from
HNE treatment. By mapping the identified HNE adducted proteins to a human protein
interaction network, we were able to provide systems-level insight and characterized protein
networks targeted by HNE and suggested cellular processes that may be affected by LDE.

Application of click chemistry to identify protein targets of LDE

Although the biotin hydrazide capture approach provided new information about the cellular
scope of HNE targets, the approach detects other carbonyl modifications and is subject to a
high background. We therefore explored alkynyl analogs of LDE, which form adducts that
can be post labeled with azido-biotin tags by Cu*-catalyzed cycloaddition (Click chemistry)
[42]. In addition, an enhanced selectivity of adduct capture can be achieved by using an
azido-biotin reagent with a photocleavable linker, which allows efficient recovery of
adducted proteins and peptides under mild conditions [43,44]. This approach provides both
the identification of protein targets of LDE and sequence mapping of adducts from cellular
lysates and human plasma [45,46]. The residual tag after photocleavage is small (311 mass
units for alkynyl HNE adducts), which minimizes interference with adduct analysis by LC-
MS/MS. This approach was successfully applied to human plasma exposed to alkynyl HNE
and then post labeled by Click chemistry with the photocleavable azido-biotin-linker to
profile both proteins and peptides adducted [44]. These analyses identified with high
confidence 14 plasma proteins as LDE targets and mapped 50 specific adduction sites. The
combination of Click chemistry with LDE probes has proven useful for inventory of large
numbers of proteins targets of LDEs in cells or plasma [40,42,44,47-49].

With a powerful global LDE adduct profiling platform, a major challenge is to distinguish
toxic from nontoxic protein alkylation damage, given the hypothesis that only a subset of
alkylation events contribute to injury. We employed alkynyl analogs of the prototypical lipid
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electrophiles HNE and 4-oxo-2-nonenal (ONE) to evaluate the systems-level impact of LDE
protein alkylation damage [20] (Figure 3). Data obtained from two different cell lines with a
large fold difference in GSH content showed that GSH levels dramatically affected profiles
of covalent protein alkylation, but did not produce a difference in toxicity. Analysis of
spectral count data for the adducted proteins revealed distinct patterns of protein adduction
with increasing electrophile concentration. Protein targets of alkynyl analogs of HNE and
ONE thus were grouped into three major classes reflecting the concentration dependence of
adduct accumulation. The highest reactivity class was substantially modified at sub-toxic
alkynyl HNE and ONE concentrations, whereas the lowest reactivity class was modified at
toxic concentrations. Comparisons of the proteins in these distinct classes revealed that
covalent adduct formation at a sub toxic level may largely be survivable damage to
cytoskeletal networks. In contrast, covalent binding at toxic LDE concentrations produces
lethal injury by targeting protein synthesis and catabolism [20]. This study defined a
functional systems hierarchy for accumulation of electrophile-mediated protein damage. A
hierarchal protein damage susceptibility may represent the evolution of functional cellular
systems to separate survivable from lethal injury, particularly in the context of oxidative
stress.

Application of click chemistry to quantify LDE-cysteine reactions

Another important dimension of the LDE-protein reactivity problem is the functional
annotation of proteins with alkylation-susceptible thiols [50-52]. Cravatt and colleagues
have applied activity based proteome profiling strategies to study thiol reactivity across
proteomes. Weerapana and coworkers [51] described an approach termed isoTOP-ABPP
(isotopic tandem orthogonal proteolysis—activity-based protein profiling), which allowed
them to globally characterize cysteine functionality in native proteomes based on
quantitative reactivity profiling with isotopically labelled, small-molecule electrophiles.
Their approach employed an electrophilic iodoacetamide (IA) probe to label cysteine
residues in different proteomes. This generic cysteine-alkylating reagent can stably modify
cysteine residues in proteins [53] and has been used to assess nucleophilicity of cysteine
residues [54] in purified proteins. A modified 1A probe with an alkynyl tag allowed for
Click chemistry conjugation of probe-labelled proteins [55] to an azido-biotin-linker
functionalized with a tobacco etch virus (TEV)-cleavable site for further streptavidin
enrichment of modified proteins [50]. After TEV cleavage, the released, modified peptides
contain an isotopically (light/heavy) labelled valine residue, which enables quantitative mass
spectrometry comparisons of 1A-labelled peptides across multiple proteomes. Using two
different concentrations of the IA probe to label the proteomes and measured ratios between
the light and heavy modified probe for each identified cysteine, they were able to estimate
the relative reactivity of cysteine residues on a global scale. The same strategy can be
generalized to profile cysteine reactivity towards LDEs as the chemical modifiers, alone or
in combinations with other techniques appropriate for a more complex biological system.

Wang and coworkers extended this approach by combining 1A probes and Click chemistry
to label protein thiols and then quantify thiol reactions with LDE via their impact on 1A
probe labeling [56]. This competitive activity-based protein profiling assay (ABPP)
quantified the relative reactivity of more than 1000 cysteines from the whole proteome in
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parallel, against specific LDEs. This method not only identifies those cysteine residues
targeted by different LDES, but circumvents the requirement for of a series of Clickable
LDE probes. The same isotopic labeling strategy described above then provides estimates of
relative reactivity of different cysteine residues for each of a series of LDE. A comparison of
the measurements between treatments with three different LDE (HNE, 15d-PGJ2, and 2-
HD), all of which have «, funsaturated carbonyls, revealed significant reactivity of just a
few cysteine residues towards LDE.

This type of competition-based platform allows for a global approach to identify and
quantify LDE-reactive hot spots in the human proteome (Figure 4). A general approach to
quantify the sensitivity of unique cysteine residues towards LDE could have broad
applicability to profiling LDE-protein reactions in primary cells and tissues [51].
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Structures of representative aldehydic products of lipid peroxidation induced by oxidative
stress. These highly reactive lipid-derived electrophiles (LDE) covalently modify and as a
result damage proteins. Malondialdehyde (MDA), acrolein, 4-hydroxy-nonenal (HNE), 4-

oxo-nonenal (ONE), 4-hydroxy-hexanal (HHE), 4-oxo-hexanal (OHE).
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Biotinylation of protein adducted by reactive carbonyls with biotin hydrazide [32].
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Figure 3.
Biotinylation of protein adducted by LDE using Click chemistry and a photocleavable linker

[20].
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Figure4.
Competitive isoTOP-ABPP for quantitative mapping of cysteine-lipid-derived electrophile

(LDE) reactions in proteomes. Proteomes are treated with DMSO (vehicle control) or LDE,
labeled with an 1A-alkynyl (IA) probe, biotinylated using Click chemistry with isotopically-
labeled cleavable biotin tags, enriched with streptavidin, released from the beads, and
digested with trypsin to obtain probe-labeled peptides for LC-MS/MS analysis.
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