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Abstract

Free radical-induced oxidation of phospholipids contributes significantly to pathologies associated

with inflammation and oxidative stress. Detection of covalent interaction between oxidized

phospholipids (oxPL) and proteins by LC-MS/MS could provide valuable information about the

molecular mechanisms of oxPL effects. However, such studies are very limited because of

significant challenges in detection of the comparatively low levels of oxPL–protein adducts in

complex biological systems. Current approaches have several limitations, most important of which

is the inability to detect protein modifications by naturally occurring oxPL. We now report, for the

first time, an enrichment method that can be applied to the global analysis of protein adducts with

various naturally occurring oxPL in relevant biological systems. This method exploits intrinsic

properties of peptides modified by oxPL, allowing highly efficient enrichment of oxPL-modified

peptides from biological samples. Very low levels of oxPL–protein adducts (<2 ppm) were

detected using this enrichment method in combination with LC-MS/MS. We applied the method

to several model systems, including oxidation of high density lipoprotein (HDL) and interaction of

human platelets with a specific oxPL, and demonstrated its extremely high efficiency and

productivity. We report multiple new modifications of apolipoproteins in HDL and proteins in

human platelets.
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Phospholipids are a major component of biological membranes of cells, intracellular

organelles, and lipoproteins. The polyunsaturated fatty acid chain at the sn-2 position of

phospholipids is a major oxidative target under oxidative stress. Oxidized phospholipids

(oxPL) were detected in apoptotic cells, plasma, and various tissues including aorta, small

intestine, dermal fibroblast, brain, retina, and others.1 OxPL can act as markers of “modified

self” and induce the recognition by soluble and cell-associated receptors of innate

immunity,1 including C-reactive protein, natural antibodies, and scavenger receptors,2 thus

promoting the removal of apoptotic cells or oxidized lipoproteins. OxPL can also modulate

intracellular signaling by activating signal-transducing receptors,1 such as scavenger

receptors,3 PAF receptors,4 prostaglandin receptors,5 VEGF receptors,6 toll-like receptors,7

and others. OxPL can regulate second messengers, including Ca2+
i
8 and cAMP,9 activate

protein kinases,10 phosphatases,8 and small GTPases,11 and regulate expression of genes

related to inflammation, lipid metabolism, cellular stress, proliferation, and differentiation.12

OxPL contribute significantly to various diseases associated with oxidative stress, including

atherosclerosis, Alzheimer’s disease, Parkinson’s disease, diabetes, lung injury, leprosy,

ischemia, rheumatoid arthritis, and others.1,13

Most of the oxPL have electrophilic functional groups at the sn-2 position, which can form

covalent adducts with lysine, histidine, and cysteine residues of proteins. The studies on the

covalent interaction between oxPL and proteins in a relevant biological system using LC-

MS/MS analysis could provide detailed information about the oxPL–proteins adducts,

including (a) the identity of proteins preferentially modified by oxPL in a relevant biological

system (such as plasma or cells), (b) specific function of protein affected through revealing

specific sites on proteins that are covalently modified, and (c) species of oxPL modifying

proteins and types of adducts formed. Such studies could provide important information

about the molecular mechanisms by which oxPL exert their effects. However, the reports of

LC-MS/MS analysis of proteins covalently modified by oxPL are very limited.14,15 One

major reason for this is the relatively low levels of oxPL–protein adducts compared to a

highly diverse pool of proteins in a complex biological systems. Approaches providing a

means of high affinity capture of the adducted proteins, or adducted peptides derived from

enzymatic digestion of the adducted proteins, are indispensable for the analysis of protein

targets of oxPL.

We now report an enrichment method that can be applied to the global analysis of protein

adducts with various naturally occurring oxPL in relevant biological systems. Using the
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enrichment method in combination with LC-MS/MS analysis, we were able to detect very

low levels of oxPL–protein adducts (at least <2 ppm) in cell lysate. It allowed us to detect

various covalent adducts on multiple sites of major and minor apolipoproteins of oxidized

HDL formed by a variety of naturally occurring oxPL. Furthermore, the method

demonstrated high efficiency in detection of oxPL–protein adducts in such a complex

biological system as a whole cell. The enrichment method described here is highly

promising for the study on the covalent interactions between naturally occurring oxPL and

proteins in various biological systems.

EXPERIMENTAL SECTION

Isolation and Oxidation of HDL

HDL was isolated from fresh human plasma as described elsewhere,16 extensively dialyzed

against PBS at 4 °C, and adjusted to 0.8 mg HDL protein/mL using PBS. HDL was oxidized

by dialysis against PBS containing 10 µM copper sulfate for 6 h at 37 °C, followed by

reduction using 100 mM NaBH4 to stabilize the reversible adducts formed between oxPL

and HDL proteins. The sample volume was reduced to 1/10 of the original volume by

centrifugation at 4000 × g for 15 min using centrifugal filter (10K cutoff, Millipore). Then

the volume was restored using 100 mM Tris buffer (pH 7.8), and the procedure was repeated

twice. A 12% gel SDS-PAGE was ran to monitor the oxidation of HDL (Figure S1,

Supporting Information).

Generation of KODA-PC Modified HDL

KODA-PC (300 µg) (abbreviations are defined in Table 2) and lysoPC (2.1 mg) were mixed

in chloroform, dried under nitrogen flow, and dissolved in 0.5 mL of phosphate buffer (100

mM, pH 7.4). To the resulting solution, 0.68 mg of HDL in 0.5 mL of PBS was added,

followed by incubation at room temperature for 1 h. Then 100 mM NaBH4 was added to

reduce the imine group in the Schiff base adduct and carbonyl group in the Michael adduct

formed between KODA-PC and HDL proteins, thus stabilizing these reversible adducts. The

volume was reduced to 1/10 of the original volume by centrifugation at 4000g for 15 min

using a centrifugal filter (10K cutoff, Millipore). Then the volume was restored using 100

mM Tris buffer (pH 7.8), and the procedure was repeated twice. A 12% gel SDS-PAGE was

ran to monitor the modification of HDL by KODA-PC (Figure S1, Supporting Information).

Reaction between KODA-PC and Human Platelets

Human platelets were isolated as described elsewhere.16 KODA-PC (110 µg) and POPC (3

mg) were mixed in chloroform and dried under a stream of nitrogen. The resulting residue

was resuspended in 2 mL of modified Tyrode’s buffer (137 mM NaCl, 2.8 mM KCl, 12 mM

NaHCO3, 1 mM CaCl2, 1 mM MgC12, and 20 mM HEPES, pH 7.4) and passed through a

30 nm polycarbonate filter 11 times using an Avanti Mini-Extruder Set (Avanti Polar Lipids,

Inc., Alabaster, AL) to make 30 nm vesicles. The obtained KODA-PC vesicles were added

to human platelets (2 × 108 platelets/mL) at a final concentration of 20 µM in modified

Tyrode’s buffer, followed by incubation at room temperature with gentle shaking for 30

min. Then 50 mM NaBH4 was added, followed by 30 min incubation at room temperature.

Then platelets were pelleted by centrifugation at 4000 rpm for 15 min at 22 °C. The
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resulting platelet pellet was then lysed using 8 M urea in 50 mM Tris (pH 8.0), followed by

dithiothreitol reduction (10 mM) and iodoacetamide alkylation (40 mM). Then more

dithiothreitol was added (20 mM) to consume the excessive iodoacetamide. The resulting

solution was diluted using Tris buffer (50 mM, pH 7.6) to reduce the concentration of urea

to 2M, followed by tryptic digestion (trypsin:protein = 1:100) at 37 °C for 24 h.

Preliminary Size Separation Procedure

The tryptic digest of platelet lysate was diluted 1 time using 100 mM ammonium

bicarbonate buffer (pH 7.8) and lysoPC was added to a final concentration of 500 µM. The

resulting mixture was transferred to 15 mL centrifugal filter unit (Millipore, 30K cutoff) and

centrifuged at 4000g for 10 min to reduce the volume to 1/10 of the original volume. The

volume was restored by adding 100 mM ammonium bicarbonate buffer (pH 7.8) and

centrifuged again using the same conditions. The procedure was repeated one more time,

and samples were used directly in the C18 enrichment procedure.

C18 Enrichment Procedure

The C18 solid-phase extraction (SPE) column (500 mg bed weight, Discovery DSC-18,

Supelco) was first activated by 15 bed volume of methanol, followed by elution with 5 bed

volume of 50% methanol, 5% methanol with 0.1% formic acid and water sequentially. Then

the peptide mixture obtained by a size separation procedure was loaded to the column,

followed by stepwise elution using 10 bed volumes of water, 5%, 30%, 50%, and 70%

methanol with 0.1% formic acid. After that, the column was equilibrated using 5 bed

volumes of 5% methanol and water sequentially before eluting the column using 5 bed

volume of 30% ammonium hydroxide or 40% methylamine. Then the column was filled

with 30% ammonium hydroxide or 40% methylamine and sealed at both ends. The

aminolysis was carried out at room temperature for 40 h before eluting the column using

70% methanol with 0.1% formic acid to collect the modified peptides (PLEAs). The eluent

was blown with nitrogen to remove the ammonia gas or methylamine and then dried using a

Speedvac (Savant Speedvac SC110), followed by suspension in 1 mL of water. The

homogenate was sonicated for 10 min using an FS30 sonicator (Fisher scientific) and then

filtered using a 0.22 µm filter (Corning Inc.). The filtrate was loaded onto a C18 SPE

column (100 mg bed weight, Discovery DSC-18, SUPELCO) and eluted using 10 bed

volumes of water and 5% methanol with 0.1% formic acid sequentially. Then the modified

peptides were eluted using 15 bed volumes of 50% methanol with 0.1% formic acid. The

eluant was dried using a Speedvac and resuspended in 50 µL of 1% acetic acid for LC-MS-

MS analysis.

Mass Spectrometry and Data Processing

Chromatographic separation of the peptide samples was performed by a UltiMate 3000

RSLCnano LC system equipped with a reversed-phase capillary chromatography column

(Dionex- Acclaim Pepmap C18, 15 cm × 75 µm i.d., 2 µm, 100 Å). An elution gradient was

used by mixing mobile phase A (0.1% formic acid in water) with solvent B (0.1% formic

acid in acetonitrile) as follows: isocratic elution with 2% B from 0 to 5 min; increase to 40%

B from 5 to 76 min; increase to 70% B from 76 to 78 min; isocratic elution with 70% B
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from 78 to 85 min; decrease to 2% B from 85 to 86 min; isocratic elution with 2% B from

86 to 100 min. ESI mass spectrometry was performed with a Thermo Scientific LTQ-

Orbitrap-Elite MS in the positive ion mode. Five microliters of the samples was injected.

The peptides eluted from the column at a flow rate of 0.25 µL/min were introduced into the

source of the mass spectrometer online. The nanoelectrospray ion source was operated at 2.5

kV. The inlet capillary temperature was maintained at 200 °C. The samples were analyzed

by either a data-dependent acquisition (DDA) mode, in which each full MS scan was

acquired in the Orbitrap at a resolution of 60 000 and followed by 15 MS/MS scans, or a

selective reaction monitoring (SRM) mode, in which specific peptides were targeted over

the entire course of the LC experiments. For the DDA mode, the dynamic exclusion option

was enabled after three repeat acquisitions within 20 s duration, and the exclusion duration

was set at 90 s. The MS/MS collision energy was set to 35%. The MS/MS spectra obtained

were searched against a human protein database. Common modifications in the form of

various types of adducts formed between proteins and fragmented oxPL, including Schiff

base adduct, Michael adduct, ketoamide adduct, cyclic hemiacetal adduct, and other

previously reported adducts,17 were used for the database search. The corresponding mass

shifts were shown in Table S1, Supporting Information. The search parameters used were

two missed cleavage sites, a mass tolerance of 10 ppm for the parent ion, and 1.2 Da for the

fragment ion.

RESULTS

Strategy for Enrichment of Peptides Covalently Modified by oxPL

Upon covalent interaction with oxPL, modified peptides acquire significant hydrophobicity

due to the presence of the highly hydrophobic long chain fatty acid at the sn-1 position of

oxPL, which reacted with proteins as shown in Figure 1. The dramatic difference in

hydrophobicity can be exploited to separate oxPL-modified peptides from more hydrophilic

unmodified peptides and other interfering compounds using hydrophobic interaction

chromatography.

The general strategy for the enrichment of oxPL-modified peptides is shown in Figure 1. A

protein sample containing oxPL-modified proteins was digested with trypsin. The resulting

digest was then loaded onto a reverse phase (C18) column. Hydrophobic components of the

digests, such as oxPL-modified peptides, possess high binding affinity to the C18 stationary

phase, allowing removal of hydrophilic compounds, including unmodified hydrophilic

peptides, by elution with the appropriate mobile phase (methanol/water). Next, to separate

the hydrophobic oxPL-modified peptides from hydrophobic unmodified peptides and

unrelated hydrophobic compounds also retained on the C18 stationary phase, we exploited

specific structural characteristics of oxPL-modified peptides. To dramatically and

specifically reduce the hydrophobicity of oxPL-modified peptides, we used aminolysis, a

reaction that will break the bond between the phosphoglycerol backbone and the residues at

the sn-2 position of oxPL, thus separating the hydrophobic fatty acid at the sn-1 position

from the modified peptide. The resulting peptide–lipid electrophile adducts (PLEAs) are

much more hydrophilic than their precursors (Figure 1). Consequently, the PLEAs can be

eluted from the C18 column using a polar solvent, allowing separation from other interfering
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hydrophobic compounds that will be retained on the C18 stationary phase. Thus, this

strategy permits removal of both hydrophilic and hydrophobic unmodified peptides, as well

as other interfering compounds, from the sample in two simple steps.

For the detection of oxPL–proteins adducts of very low abundance or in a complex

biological system with relatively low levels of oxPL–protein adducts, large amounts of

protein digest have to be loaded on a C18 column. In this situation, we found that to prevent

the overloading of the column, we need additional preliminary enrichment of the samples

containing oxPL–peptide adducts. To this end, we used a property of

lysophosphatidylcholine (lysoPC) to form mixed micelles incorporating oxPL–peptide

adducts. According to our experiments, most of the unmodified peptides under these

conditions are not incorporated in vesicles and can be easily separated from vesicles using a

size separation procedure. Experiments with several peptides demonstrated about 80–100

fold enrichment of oxPL-modified peptides over unmodified peptides using this procedure

(see SI methods and Figure S2 in Supporting Information). The association of oxPL-

modified peptides with lysoPC vesicles is most probably a reflection of amphiphilic

properties and long hydrophobic fatty acid chain that both possess.

Hydrophobic Interaction Chromatography Allows Effective Separation of Unmodified
Peptides from oxPL-Modified Peptides

To test whether the separation of oxPL-modified peptides from unmodified peptides can be

achieved using hydrophobic interaction chromatography, we first examined elution

conditions of unmodified peptides on a C18 column. To find universal elution conditions for

unmodified peptides, we generated various peptides by tryptic digestion of a combination of

several proteins, including human serum albumin, β-lactoglobulin, α-lactalbumin, protein

kinase A, and myelin basic protein. The digest was loaded onto a C18 column and eluted

stepwise by aqueous solution of increasing concentrations of methanol (see SI methods in

Supporting Information). We found that most of the peptides were eluted using 10 bed

volumes of 50% and 70% methanol successively (Figure S3a, Supporting Information).

We next examined the elution condition for oxPL-modified peptides. We chose apoA-I, a

main component of HDL, for experiments because it is a major target of biotinylated oxPL

in plasma,14 and because the oxPL modification may impair its major function in reverse

cholesterol transport, leading to clinical consequences.18 As a model oxPL, we used KODA-

PC, a biologically active oxPL known to be present in significant amounts in vivo in plasma

and at sites of oxidative stress.19 ApoA-I was incubated with KODA-PC at room

temperature for 1 h, followed by NaBH4 reduction and tryptic digestion. The digest,

containing various KODA-PC-modified peptides, was loaded onto a C18 column and eluted

stepwise by aqueous solution with increasing concentrations of methanol. Eluent fractions

were collected and subjected to aminolysis, thus removing the phospholipid moiety which

could interfere with the LC-MS/MS detection of oxPL-modified peptides by suppressing

ionization and competing with peptide fragmentation. The resulting samples were further

purified using a second C18 column and analyzed using LC-MS/MS. The MS/MS spectra

were searched against an apoA-I sequence database using mass spectrometry data analysis

program SEQUEST. Ten KODA-PC-modified peptides were identified in the 100%
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methanol eluent fraction (Table S2, Supporting Information). Of these, four KODA-PC-

modified peptides were also detected in the 90% methanol eluent fraction, but no modified

peptides were found in the 70% and 80% methanol eluent fractions. These results indicated

that a high concentration of methanol (90–100%) is required to elute oxPL-modified

peptides from a C18 column. The above experiments demonstrated that while most of the

unmodified peptides can be eluted off the C18 column using 50–70% methanol, oxPL-

modified peptides will be retained on the C18 column under this elution condition, allowing

the separation of oxPL-modified peptides from hydrophilic unmodified peptides and other

hydrophilic compounds.

We reasoned that, in addition to oxPL-modified peptides, hydrophobic unmodified peptides

and nonprotein hydrophobic compounds could also be retained on the C18 column,

interfering with the subsequent analysis. To separate the oxPL-modified peptides from other

hydrophobic interfering compounds, we used aminolysis to transform the hydrophobic

oxPL-modified peptides into more hydrophilic PLEAs (Figure 1). Studies of the elution

conditions using KODA-PC-modified apoA-I demonstrated that the hydrophilic PLEAs can

be eluted off the C18 column using 50% methanol (Table S3, Supporting Information).

Under this mild elution condition, the interfering hydrophobic unmodified peptides and

other compounds will be retained on the C18 column. Thus, by a combination of approaches

described above, both hydrophilic and hydrophobic unmodified peptides as well as other

interfering compounds can be separated from oxPL-modified peptides.

Optimization of the Enrichment Procedure and Enrichment Efficiency Study

Next, we optimized the elution gradients and aminolysis conditions (Table S4, Supporting

Information) to increase the enrichment efficiency. We then studied the enrichment

efficiency of the procedure using apoA-I modified by KODA-PC. In one set of samples, the

KODA-PC-modified peptides were enriched using the C18 enrichment procedure (see

Experimental Section). In the control set of samples, the tryptic digest was directly subjected

to aminolysis without the C18 enrichment procedure. Both samples were subsequently

desalted using a second C18 column and subjected to LC-MS/MS analysis using a synthetic

peptide (LVNEVTEFAK) as an internal standard. Selected reaction monitoring (SRM)

mode was used to monitor five unmodified peptides and five KODA-PC-modified peptides

of various length and polarity. The peak area of each peptide in the enriched samples was

normalized to that in the control set of samples. The analysis demonstrated that after the C18

enrichment procedure, about 40–60% KODA-PC-modified peptides were recovered, while

less than 0.5% of unmodified peptides were not removed (Figure S3b, Supporting

Information), demonstrating about 100-fold relative enrichment and good recovery of

modified peptides.

Preliminary Enrichment Using a Size Separation Procedure Can Further Improve the Limit
of Peptide Detection

We then tested the efficiency of the preliminary enrichment method exploiting lysoPC

capacity to incorporate oxPL-modified peptides, but not unmodified peptides, into lysoPC

vesicles, allowing subsequent separation by a size separation procedure. We analyzed a

tryptic digest using either the C18 enrichment procedure or using a combination of two

Gao et al. Page 7

Anal Chem. Author manuscript; available in PMC 2014 July 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



procedures. To further increase the complexity of the system, instead of using apoA-I, in

these experiments we used human HDL modified by KODA-PC. The HDL was modified by

KODA-PC, digested with trypsin, and mixed with a tryptic digest of RAW cell lysate in

various mass ratios (1/25000, 1/125000, 1/625000) (Table 1). Samples were analyzed by

LC-MS/MS using a data-dependent acquisition (DDA) mode, as well as a SRM mode. The

LC-MS/MS analysis (Table 1) demonstrated a significant advantage of the combination of

two enrichment procedures under conditions of a large excess of unmodified proteins.

Encouragingly, even at a mass ratio of 1/625 000, one modified peptide was still detected by

SRM and even by DDA analysis in the experiment using both enrichment procedures. These

results demonstrated that this preliminary enrichment procedure further enhances the

enrichment efficiency and increases the detection limit in the subsequent LC-MS/MS

analysis. The proposed method allows detection of very low levels of oxPL–protein adducts

(at least <2 ppm) in complex protein mixtures by LC-MS/MS.

Aminolysis Using Ammonium Hydroxide and Methylamine, Respectively, Generates
Doublet Peaks in LC-MS/MS Analysis

Another technique that was designed to facilitate the identification of oxPL-modified

peptides is a use of either ammonium hydroxide or methylamine in parallel experiments for

aminolysis, generating amide and N-methylamide accordingly (Figure 1). The molecular

weight difference between the amide and N-methylamide is 14 Da. Thus, in the subsequent

LC-MS/MS analysis, two sets of peaks are detected, with a mass-to-charge ratio (m/z)

difference of 14 Da for singly charged ions and 7 Da for doubly charged ions. The extracted

ion chromatogram and MS/MS spectra of a pair of PLEAs, generated by aminolysis of a

KODA-PC-modified peptide (AH*VDALR) using either ammonium hydroxide or

methylamine (see Experimental Section), is shown in Figure 2. The m/z difference between

the two doubly charged precursor ions is 7 Da (Figure 2a and 2c, m/z 506.1 VS 513.10). In

addition, the MS/MS spectra demonstrated a m/z difference of 14 Da between the two sets of

singly charged b ions (b2, b4, b5, and b6), and 7 Da between two sets of doubly charged y

ions (y6). The detection of two sets of MS/MS peaks with a m/z difference of 14 Da (singly

charged ions) or 7 Da (doubly charged ions) confirms that the peaks belong to oxPL-

modified peptides, thus facilitating the identification of oxPL-modified peptides. This

approach is especially helpful for identification of peptides with low matching scores,

especially when the peptide has poor fragmentations and the resulting MS/MS spectra

cannot provide enough information for peptide identification.

Detection of Various oxPL–Protein Adducts in Oxidized HDL (oxHDL)

We applied the method described above to study the oxPL–protein adducts generated in the

process of oxidation of HDL. HDL (0.8 mg/mL) was subjected to a strong oxidation by

dialysis against 10 µM copper sulfate as described,2 followed by NaBH4 reduction to

stabilize the reversible oxPL–protein adducts (see Experimental Section and Figure S1,

Supporting Information). After the tryptic digestion of oxHDL, oxPL-modified peptides

were enriched using the double enrichment method and subjected to LC-MS/ MS analysis.

The MS/MS spectra were searched against a human protein sequence database using

SEQUEST software. The LC-MS/MS analysis (Table 2) demonstrated that eleven amino

acid residues on apoA-I were modified by a variety of oxPL in the form of several adduct
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types. We also detected modifications of five amino acid residues in less abundant apoA-II,

and one residue in minor HDL apolipoprotein apoC-III. This study demonstrated the

versatility of the present enrichment method to enrich a wide range of oxPL–peptide adducts

formed between peptides of different lengths and oxPL with a variety of reactive functional

groups at their sn-2 position.

Detection of oxPL–Protein Adducts in Human Platelets Exposed to KODA-PC

We have recently shown that specific oxidized phospholipids (oxPCCD36) bind to platelets

via scavenger receptor CD36 and, at pathophysiological levels, promote platelet activation

via CD36.19 In the present study, we tested whether the proposed enrichment method can be

applied to study the covalent modifications of proteins in whole cells, using human platelets.

Isolated human platelets were incubated with 20 µM KODA-PC, subsequently treated with

NaBH4, lysed with 8 M urea, and digested with trypsin. OxPL-modified peptides were

enriched using the double enrichment method and subjected to LC-MS/MS analysis. The

MS/MS spectra were searched against a human protein database using SEQUEST software.

We detected six proteins modified by KODA-PC in platelets (Table 3). Lysine 40 on CD36

was found to form a Schiff base adduct with KODA-PC (Figure S4a, Supporting

Information, MS/MS spectra), which is consistent with the previous report that CD36 (AA

28–93) contains a binding domain for oxPL.20 Talin, an adaptor protein required for platelet

integrin activation and for platelet function in hemostasis and thrombosis,21 was found to be

modified by KODA-PC at Cys1023. In addition, two low abundance proteins in platelet

(<50 ppm), myosin-13 and helicase, were demonstrated to form ketoamide and furan

adducts (Figure S4b, Supporting Information, MS/MS spectra) with KODA-PC at Lys1835

and Lys1035, respectively.

DISCUSSION

Oxidative truncation of the polyunsaturated fatty acid chain at the sn-2 position of

phospholipids generates a variety of phospholipids with various truncated sn-2 fatty acid

moieties and their short-chain aldehyde counterparts such as 4-hydroxy-2-nonenal (HNE)

and 4-oxo-2-nonenal (ONE).1,17 The bioactivity and signaling functions of these

phospholipid oxidation products have drawn widespread interest because of their

contribution to chronic inflammatory pathologies.1,17 Characterization of the covalent

interaction of phospholipid oxidation products with proteins by LC-MS/MS could provide

critical information about the molecular mechanisms by which phospholipid oxidation

products exert their effects. Over the past two decades, covalent interactions of proteins with

HNE and ONE, two diffusible short chain aldehydes, have been extensively studied.17 In the

case of HNE, several enrichment methods for HNE–protein adducts have been developed.22

These methods have dramatically accelerated the discovery of HNE–protein adducts in a

relevant biological systems.

Compared with the studies on HNE–protein adducts, the studies on oxPL–protein adducts

are lagging because of the lack of appropriate enrichment methods. Unlike HNE, oxPL

represent a wide variety of species with varying functional groups at both sn-2 and sn-3

positions. The previously reported enrichment methods14,15 using biotinylated phospholipid
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probes to detect protein modifications produced significant results but have several

limitations. While protein adducts with biotinylated oxPL can be easily enriched using

streptavidin resin, one major disadvantage of these methods is the inability to enrich protein

adducts with naturally occurring oxPL generated either in vitro or in vivo. In addition, the

interaction between proteins and biotinylated oxPL, to some extent, may not reflect the

actual interaction between proteins and naturally occurring oxPL because of the structural

difference between biotinylated oxPL and naturally occurring oxPL.

In the present study, we describe the development of a high efficiency enrichment method

for oxPL-modified peptides and its application for analysis of complex biological samples.

This method takes advantage of the highly hydrophobic long chain fatty acid of oxPL

moieties in oxPL-modified peptides. Most importantly, this feature engenders a significant

difference in hydrophobicity between unmodified and oxPL-modified peptides, allowing a

very effective separation by hydrophobic interaction chromatography. Furthermore, the “in

column” aminolysis allows us to selectively reduce the hydrophobicity of oxPL-modified

peptides and separate them from hydrophobic unmodified peptides and other interfering

compounds by eluting from C18 column with polar solvents. Also, the hydrophobic fatty

acid chain is likely to enable the oxPL-modified peptides to be incorporated into lysoPC

micelles and facilitate their preliminary enrichment by a size separation procedure (we used

centrifugal filtration for simplicity and speed), allowing removal of the small-size

unmodified peptides and various other compounds which are not incorporated into lysoPC

micelles.

The previous study using the biotinylated phospholipid probe reported that apoA-I in HDL

was one of the most highly modified proteins in plasma.14 We applied the new method to

study the formation of protein adducts with various naturally occurring oxPL during free

radical-induced oxidation of HDL. These experiments demonstrated the versatility of the

current method which allows enrichment of a wide range of oxPL–peptide adducts formed

between peptides of various lengths and oxPL with a number of reactive functional groups

at sn-2 position. A wide variety of adducts formed between various oxPL and the major as

well as minor apolipoproteins in HDL were detected using LC-MS/MS (Table 2). All the

histidine and lysine residues in the region (155–199) of apoA-I were intensively modified by

various oxPL. Among them, His155, His162, and Lys182 are located in a region (144–186)

that is critical for promoting ABCA1-mediated lipid efflux,23 activation of lecithin–

cholesterol acyltransferase, and subsequent HDL remodeling and maturation.24 In addition,

His193, Lys195, and His199 are located in the C-terminal region of apoA-I, which is critical

for cell surface binding and lipid efflux.25 These amino acids are also inside the binding

domain for myeloperoxidase which forms a ternary complex with apoA-I and PON1 and is

involved in apoA-I modification.26 ApoA-II, the second most abundant proteins of the HDL,

involved in visceral fat accumulation and metabolism of triglyceride rich particles,27 was

intensively modified at Lys 39 and Lys 46 by various oxPL. Lys 39 has been reported to

play a role in the secondary structure of APO-AII.28 ApoC-III, a minor HDL apolipoprotein

involved in triglyceride metabolism,29 was modified at Lys 44 by ON-PL. The oxPL

modifications on HDL proteins reported here are likely to impair HDL functions in lipid

metabolism including its role in reverse cholesterol transport.
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Investigation of the interaction between oxPL and proteins targets in cells could provide

important information on the molecular mechanism by which oxPL impact cell function.

Gugiu and co-workers have recently studied covalent modification of proteins by

biotinylated oxPL in endothelial cells using the biotinylated phospholipid probe.15 This

approach allowed to successfully identify 20 proteins interacting with the biotinylated oxPL.

However, no modification sites on target proteins and adduct types were reported in this

study. In the current study, the application of the new method allowed us to identify six

proteins in human platelet that covalently interact with KODA-PC, forming various adduct

types, and to locate the exact oxPL modification sites on the target proteins. Our previous

study demonstrated that oxPL are recognized by and activate platelets via scavenger

receptor CD36.19 However, no covalent modification of CD36 has been reported previously.

In the present study, we detected a Schiff base adduct formed between KODA-PC and CD36

and identified one oxPL modification site (Lys 40) on CD36. Surprisingly, other target

proteins of KODA-PC are located not on the platelet membrane but in the cytoplasm (Table

3). Of particular interest is modification of talin, an adaptor protein controlling platelet

integrin αIIbβ3 activation and platelet function in hemostasis and thrombosis.21 Talin is

located in cytoplasm in resting platelets. Its translocation to the membrane during platelet

activation is critical for integrin activation. While the effect of oxPL modification of

Cys1023, located in the actin binding domain of talin, on talin function is unknown, it is

likely to induce constitutive association of talin with membrane. Such constitutive

association with the membrane can lead to enhanced function of talin and may play a role in

platelet activation by specific oxPL.19 Two cytoplasmic proteins with a low abundance in

platelets, helicase SKI2W (about 43 ppm) and myosin-13 (less than 22 ppm),30 were also

modified by KODA-PC at Lys1035 and Lys1835, respectively. This last result highlights the

most surprising result of this experiment, namely a clear demonstration of highly selective

modification of proteins with oxPL. This result strongly suggests that the secondary and

tertiary structure of the protein and intracellular localization play a role in the highly

selective modification of cellular proteins by oxPL. In the case of platelets, there is a

possibility that KODA-PC is translocated into the platelet via CD36, providing some

specificity for interaction with intracellular proteins. Taken together, these results

demonstrate the high efficiency of the proposed method for the enrichment and subsequent

detection of oxPL–peptide adducts derived from low abundance proteins in a relevant

biological system.

CONCLUSION

In the current study, we successfully developed a highly efficient enrichment method for

oxPL–peptide adducts. To our knowledge, this is the first enrichment method that can be

applied to global analysis of protein adducts with various naturally occurring oxPL in a

relevant biological system. This method has enabled us to detect various adducts between

proteins and a wide variety of naturally occurring oxPL, to detect them at very low level (the

lower boundary of sensitivity is <2 ppm) and to identify target proteins and sites in proteins

selectively modified by oxPL. The enrichment method is highly promising for the study on

the covalent interactions between naturally occurring oxPL and proteins in various
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biological systems, which can provide mechanistic insights into oxidative damage in

pathologies associated with inflammation and oxidative stress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Strategy for the enrichment of oxPL-modified peptides using C18 columns. (1) Proteolytic

digestion of oxPL–protein adducts to generate oxPL-modified peptides, (2) enrichment

using a C18 column to remove hydrophilic unmodified peptides and other interfering

compounds, (3) aminolysis to transform oxPL-modified peptides into hydrophilic PLEAs,

(4) enrichment using a C18 column to separate PLEAs from other interfering hydrophobic

unmodified peptides and compounds, (5) peptide analysis by LC-MS/MS, and (6) peptide

identification.
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Figure 2.
Aminolysis of oxPL-modified peptides using ammonium hydroxide and methylamine

respectively generates doublet peaks in LC-MS/MS analysis. LC-MS extracted ion

chromatogram of KODA-PC modified peptide (AHVDALR) aminolyzed using ammonium

hydroxide (a), and methylamine (c), and the corresponding MS/MS spectra b and d.
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Table 1

KODA-PC-Modified Peptides Detected by LC-MS/MS in the Detection Limit Studya

KODA-PC-modified
peptides detected by LC-MS/

MS

mass ratio of digestion mixture
(HDL–KODA-PC adduct/cell

lysate)
enrichment

methods SRM mode DDA mode

1/25000 SSP + C18 P1, P2, P3, P4, P5, P6, P7 P1, P2, P3, P4, P6, P7

1/125000 SSP + C18 P1, P2, P3, P4, P7 P2, P3, P7

1/625000 SSP + C18 P2 P2

1/25000 C18 P2 ND

1/125000 C18 ND ND

a
SSP, size separation procedure; C18, C18 enrichment procedure;

ND, no detection; P1, AH*VDALR; P2, TH*LAPYSDELR; P3, LAEYH*AK; P4, ATEH*LSTLSEK; P5, LH*ELQEK; P6, LEALK* ENGGAR;
P7, TAK*DALSSVQESQVAQQAR.
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Table 2

oxPL-Modified Peptides Detected in Oxidized HDL by LC-MS/MSa

proteins oxPL-modified peptides OxPL (adduct types)

apoA-I ATEH(199)LSTLSEK KOHA-PL or HOHA-PL (MAb); KOOA-PL or HOOA-PL (MAb); KODA-PL or HODA-
PL (MAb)

LAEYHAK(195)ATEHLSTLSEK OV-PL (SBb); HODA-PL (CH) or KODA-PL (KAb); KOHA-PL or HOHA-PL (MAb);
KOOA-PL or HOOA-PL (MAb); KODA-PL or HODA-PL (MAb)

LAEYH(193)AKATEHLSTLSEK KOOA-PL or HOOA-PL (MAb); KODA-PL or HODA-PL (MAb); HOOA-PL, HODA-PL
(CH)

LEALK(182)ENGGAR KOHA-PL, KOOA-PL (SBb); HOHA-PL (CH) or KOHA-PL (KAb); HOOA-PL (CH) or
KOOA-PL (KAb); HOOA-PL (HF)

AHVDALRTH(162)LAPYSDELR KOHA-PL or HOHA-PL (MAb); KOOA-PL or HOOA-PL (MAb); KODA-PL or HODA-
PL (MAb); KOOA-PL, KODAPL (furan); HOHA-PL, HOOA-PL, HODA-PL (CH)

AH(155)VDALR KOHA-PL or HOHA-PL (MAb); KOOA-PL or HOOA-PL (MAb); KODA-PL or HODA-
PL (MAb); KOOA-PL, KODAPL (furan); HOHA-PL (CH)

LHELQEK(140)LSPLGEEMR OV-PL, ON-PL (SBb)

QK(133)LHELQEK HOOA-PL (HF)

QK(118)VEPLRAELQEGAR HOOA-PL (HF)

VKDLATVYVDVLK(23)DSGR ON-PL (SBb); KOOA-PL or HOOA-PL (MAb)

VK(12)DLATVYVDVLK ON-PL, KODA-PL (SBb); KOOA-PL or HOOA-PL (MAb); KODA-PL or HODA-PL
(MAb)

apoA-II SK(46)EQLTPLIK OV-PL, KOOA-PL, KOHA-PL (SBb); KOOA-PL or HOOA-PL (MAb); HOHA-PL (CH)
or KOHA-PL (KAb)

SYFEK(44)SKEQLTPLIK OV-PL (SBb)

SPELQAEAK(39)SYFEK OV-PL, ON-PL, KOOA-PL, KODA-PL (SBb); KOOA-PL or HOOA-PL (MAb); HODA-
PL (CH) or KODA-PL (KAb)

DLMEKVK(30)SPELQAEAK KODA-PL or HODA-PL (MAb); ON-PL (SBb)

DLMEK(28)VKSPELQAEAK KOOA-PL or HOOA-PL (MAb);

apoC-III TAK(44) DALSSVQESQVAQQAR ON-PL (SBb)

a
The abbreviations used are as follows: MA, Michael adduct; SB, Schiff base adduct; KA, ketoamide adduct; HF, 2,3-dihydrofuran adduct; CH,

cyclic hemiacetal adduct; HODA-PL, the 9-hydroxy-12-oxo-10-dodecenoic acid esters of lysophospholipid; HOOA-PL, the 5-hydroxy-8-oxo-6-
octenoic acid esters of lysophospholipid; HOHA-PL, the 4-hydroxy-7-oxo-5-heptenoic acid esters of lysophospholipid; KODA-PC, the 9-keto-12-
oxo-10-dodecenoic acid esters of lysophospholipid; KOOA-PC, the 5-keto-8-oxo-6-octenoic acid esters of lysophospholipid; KOHA-PC, the 4-
keto-7-oxo-5-heptenoic acid esters of lysophospholipid; OV-PC, the 5-oxovaleric acid esters of lysophospholipid; ON-PC, the 9-oxononanoic acid
esters of lysophospholipid.

b
Adducts reduced by NaBH4.
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