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Abstract
The lipid oxidation product 4-oxo-2-nonenal (ONE) derived from peroxidation of polyunsaturated
fatty acids is a highly reactive protein cross-linking reagent. The major family of cross-links
reflects conjugate addition of side-chain nucleophiles such as sulfhydryl or imidazole groups to
the C=C of ONE to give either a 2- or 3-substituted 4-ketoaldehyde, which then undergoes Paal-
Knorr condensation with the primary amine of protein lysine side-chains. If ONE is intercepted in
biological fluids by antielectrophiles such as glutathione (GSH) or β-alanylhistidine (carnosine),
this would lead to circulating 4-ketoaldehydes that could then bind covalently to the protein Lys
residues. This phenomenon was investigated by SDS–PAGE and mass spectrometry (MALDI-
TOF and LC-ESI-MS/MS with both tryptic and chymotryptic digestion). Under the reaction
conditions of 0.25 mM to 2 mM ONE, 1 mM GSH or carnosine, 0.25 mM bovine β-lactoglobulin
(β-LG), 100 mM phosphate buffer (pH 7.4, 10% ethanol), 24 h, 37 °C, virtually every Lys of β-
LG was found to be fractionally cross-linked to GSH. Cross-linking of Lys to carnosine was
slightly less efficient. Using cytochrome c and RNase A, we showed that ONE becomes more
protein-reactive in the presence of GSH, whereas protein modification by 4-hydroxy-2-nonenal is
inhibited by GSH. Stable antielectrophile–ONE–protein cross-links may serve as biomarkers of
oxidative stress and may represent a novel mechanism of irreversible protein glutathionylation.

Introduction
Oxidative stress is considered to contribute to the pathogenesis of many age-related and
neurodegenerative diseases, such as Alzheimer’s disease and Parkinson’s disease (1–3).
Lipid peroxidation during oxidative stress releases reactive bifunctional aldehydes such as
malondialdehyde, acrolein, 4-hydroxy-2(E)-nonenal (HNE) and the more recently reported
4-oxo-2(E)-nonenal (ONE) (4–7). ONE has been found to be more reactive towards protein
nucleophiles as well as more neurotoxic than HNE (8–10). It was reported that ONE can
react with Cys and His through Michael addition (8,11). ONE and Lys can form a readily
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reversible Schiff base adduct after short exposure time (9) which can be oxidized to a stable
4-ketoamide adduct at longer times (12). ONE is also capable of cross-linking proteins.
Incubation of protein with ONE has resulted in fluorescent Lys–Lys cross-links (13,14) and
Cys–Lys or His–Lys pyrrole cross-links (11,15,16). The latter is very abundant in ONE-
modified bovine β-lactoglobulin (β-LG) (17).

Glutathione (GSH) is the principal cellular nucleophile that functions by reaction with
electrophiles generated as a consequence of both xenobiotic activation and normal
physiologic side-reactions of oxidative metabolism. Other endogenous “antielectrophiles”
without reducing capacity include the dipeptide carnosine (β-alanyl-L-histidine) (18,19).
The conjugation of GSH or carnosine with α,β-unsaturated aldehydes formed from lipid
peroxidation is an important mechanism for their detoxification. GSH can react with HNE
through Michael addition to form a GSH S-conjugate (20–23), which is a biomarker of
oxidative stress (23). GSH can also trap ONE to finally form a very stable thiadiazabicyclo-
ONE-GSH adduct (TOG) (24). According to their ability to capture lipoxidation products,
these antielectrophiles are expected also to prevent protein cross-linking by bifunctional
lipoxidation products. However, in the latter case, the antielectrophiles may instead become
cross-linked to the proteins. Exploring this unusual mechanism of cross-linking was the key
aim of the present investigation.

Materials and Methods
General

All solvents and reagents were commercially available in analytical grade unless stated
specifically. All water was purified by a Type D4700 NANOpure Bioresearch Deionization
system. GSH, β-LG, ribonuclease A (RNase A) and α-chymotrypsin were purchased from
Sigma. L-Carnosine and cytochrome c were purchased from Acros Organics. Hippuryl-Lys-
OH was purchased from Bachem. Sequencing grade modified trypsin was purchased from
Promega. ZipTips were purchased from Millipore. PD-10 columns (Sephadex G-25 M) were
purchased from GE Healthcare. GelCode blue stain reagent was purchased from Pierce.
HNE (25) and ONE (11) were prepared as in our previous work. 6,6,7,7,8,8,9,9,9-d9-4-
oxo-2(E)-nonenal (d9-ONE) was prepared by a method to be published separately. The β-
LG X-ray crystal structure PDB file (ID: 1BSQ) (26) was downloaded from www.pdb.org
(27) and viewed with ViewLite (Accelrys Inc.). Protein solutions were concentrated through
centrifugal evaporation under reduced pressure with a Savant Speed Vac SC110 system
(Forma Scientific, Inc.). Electrophoresis was performed with a Mini-PROTEAN 3 system
(Bio-Rad Laboratories, Inc.).

HPLC-ESI-MS/MS
Reversed-phase HPLC was performed with a Surveyor LC system equipped with a 5 µm 2.1
× 250 mm Grace Vydac C18 column with a gradient elution program at a flow rate of 200
µL/min. Eluent A was a mixture of 95% H2O, 5% MeOH and 0.1% formic acid. Eluent B
was a mixture of 95% MeOH, 5% H2O and 0.1% formic acid. The gradient program was
from 80% A to 20% A over 70 min, 20% A to 80% A over 5 min, then 80% A for 5 min.
ESI-MS was performed with a Thermo Finnigan LCQ Advantage instrument in the positive
ion mode using nitrogen as the sheath and auxiliary gas. The capillary temperature was 300
°C, the capillary voltage was 35.00 V, and the source voltage was 4.50 kV. Two scan events
were used: (1) m/z 300–2000 full scan MS; (2) data dependent scan MS/MS on the most
intense ion from (1) or from the parent mass list. The spectra were recorded using dynamic
exclusion of previously analyzed ions for 0.5 min with three repeats and a repeat duration of
0.5 min. The MS/MS normalized collision energy was set to 35%. All data were processed
with the Qual browser module of Xcalibur (Thermo Electron).
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Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-
TOF-MS)

Protein spotting: 2 µL of protein sample was mixed with 23 µL of H2O and 25 µL of 3,5-
dimethoxy-4-hydroxycinnamic acid (20 mg/mL in 70% aqueous acetonitrile and 0.1%
trifluoroacetic acid (TFA)). 1 µL of this mixture was deposited directly onto the MALDI
stainless steel target. Proteolytic digest spotting: 10 µL of digested sample was acidified
with 2 µL of 2.5% TFA. A ZipTip was wet by 50% aqueous acetonitrile and then
equilibrated with 0.1% TFA solution. The peptide sample was extracted with the ZipTip and
washed with 0.1% TFA. Finally, the sample was eluted with 2 µL of α-cyano-4-
hydroxycinnamic acid (20 mg/mL in 70% aqueous acetonitrile and 0.1% TFA) onto the
MALDI stainless steel target. The MALDI-TOF mass spectra were acquired with a Bruker
BiFlex III MALDI-TOF mass spectrometer (Bruker Daltonics) equipped with a pulsed
nitrogen laser (3 ns pulse at 337 nm) after the samples were dried at 25 °C. All spectra were
collected in the positive ion and linear mode (for the protein) or reflectron mode (for the
proteolytic digest) with an average of 250 laser shots. All data were processed with XMass
(Bruker Daltonics) and m over z (Proteometrics, LLC).

Proteolytic Digestion
Modified β-LG (1 mg) was dissolved in 100 µL of pH 8.0 buffer containing 6 M guanidine
hydrochloride and 50 mM Tris. Dithiothreitol (200 mM, 2.5 µL) was added, vortexed, and
incubated at 37 °C for 1 h. Then iodoacetamide (400 mM, 5.0 µL) was added, vortexed, and
allowed to stand at 25 °C in a dark place for 1 h. Dithiothreitol (200 mM, 7.5 µL) was added
again, vortexed, and allowed to consume the unreacted iodoacetamide at 25 °C for another 1
h. To 25 µL of this denatured sample was added 50 µL of trypsin (0.1 µg/µL) or 10 µL of α-
chymotrypsin (2.0 µg/µL) solution. Then the digestion mixture was diluted to 200 µL with
pH 7.8 NH4HCO3 solution (50mM), and the mixture was incubated at 37 °C for 24 h. The
solution was stored at −20 °C for LC-MS or MALDI-TOF-MS analysis.

SDS–PAGE
13% resolving gel and 5% stacking gel were prepared by the Laemmli method (28). 20 µL
of the protein sample was added to 40 µL of the denaturing buffer, vortexed and heated in a
boiling water bath for 4 min. Aliquots (15 µL) of the denatured protein solution were
injected into the wells of the stacking gel. After being electrophoresed at a constant current
of 20 mA, the gel was stained with GelCode Blue stain reagent.

Preparation of Nα-Acetyl-Glutathione (AcGSH)
GSH (200 mg, 0.65 mmol) was dissolved in 1.65 mL of water, and 4.0 mL of acetic
anhydride/acetic acid (v/v = 1/1) was added to the solution dropwise over 1 h. Then the
reaction mixture was put in a 0 °C bath for 30 min. Another 1.0 mL acetic anhydride was
added. After being stirred at 0 °C for 3 h, it was warmed up to 25 °C overnight. The
supernatant was decanted and the solid was washed with ethyl ether 5 times using a spatula
to scratch the inner side of the flask. The resulting solid was dissolved in 2.0 mL of water,
adjusted to pH 12 with 0.2 N NaOH, stirred for 3 h at 25 °C, and then acidified to pH 6 with
1 N HCl. The neutralized mixture was concentrated, purified by semi-preparative HPLC and
the solvent from the pooled peak fractions removed, affording 43 mg of white solid. 1H
NMR (400 MHz, D2O) δ 4.37 (dd, 1H, J = 6.8, 5.6 Hz), δ 4.16 (dd, 1H, J = 9.6, 5.2 Hz), δ
3.82 (s, 2H), δ 2.73 (dd, 1H, J = 18.0, 14.0 Hz), δ 2.72 (dd, 1H, J = 19.6, 14.0 Hz), δ 2.28 (t,
2H, 7.2 Hz), δ 2.04 (m, 1H), δ 1.85 (s, 3H), δ 1.81 (m, 1H); HRMS (FAB) calcd for
C12H20N3O7S (MH+) 350.1017, found, 350.1023.
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Incubation of β-LG with ONE or HNE for MALDI-TOF Analysis
A solution of β-LG (2.5 mM, 25 µL) added to a pH 7.4 phosphate buffer (100 mM, 200 µL)
was incubated with a solution of various concentrations of ONE in EtOH (0, 2.5, 5.0, 10.0 or
20.0 mM; 25 µL) or HNE in EtOH (5.0 mM, 25 µL) at 37 °C. After 24 h, the solution was
mixed with the matrix solution and deposited onto the MALDI target for analysis.

Incubation of β-LG and GSH, Carnosine or AcGSH with ONE or HNE for MALDI-TOF
Analysis

A solution of β-LG (2.5 mM, 25 µL) added to a pH 7.4 phosphate buffer (100 mM, 197.5
µL) was incubated with GSH, carnosine or AcGSH aqueous solution (100 mM, 2.5 µL) and
a solution of various concentrations of ONE in EtOH (0, 2.5, 5.0, 10.0 or 20.0 mM; 25 µL)
or HNE in EtOH (5.0 mM, 25 µL) at 37 °C. After 24 h, the solution was mixed with the
matrix solution and deposited onto the MALDI target for analysis.

Incubation of β-LG and GSH, Carnosine or Hippuryl-Lys-OH with ONE for SDS–PAGE and
Proteolytic Digestion

A solution of β-LG (2.5 mM, 50 µL) added to a pH 7.4 phosphate buffer (100 mM, 395 µL)
was incubated with GSH, carnosine or hippuryl-Lys-OH aqueous solution (100 mM, 5.0 µL)
and a solution of various concentrations of d0-ONE or d9-ONE in EtOH (5.0, 10.0 or 20.0
mM; 50 µL) at 37 °C. After 24 h, d0-ONE and d9-ONE reaction mixtures with the same
ONE concentration were mixed together (v/v = 1/1). 20 µL of each was used for SDS–
PAGE except for the hippuryl-Lys-OH case. The others were diluted to 2.5 mL with water
and applied to a PD-10 column eluting with 3.5 mL water to remove the unbound ONE and
the buffer salts. The eluted protein solution was concentrated by centrifugal evaporation
prior to proteolytic digestion.

Incubation of Cytochrome c or RNase A and ONE with or without GSH
A solution of cytochrome c or RNase A (2.5 mM, 50 µL) added to a pH 7.4 phosphate
buffer (100 mM, 400 µL or 390 µL if GSH was added) was incubated with a solution of
ONE (10 mM, 50 µL) only or ONE (10 mM, 50 µL) and GSH aqueous solution (50 mM, 10
µL) at 37 °C. After 5, 20 min, 1, 6 and 24 h, aliquots of the solution were mixed with the
matrix solution and deposited onto the MALDI target for analysis.

Preparation of β-LG-SSG
GSSG (20 mM, final) was added to a solution containing β-LG (0.2 mM, final) and GSH
(0.8 mM, final) in PBS. The mixture was incubated for 30 min in a 30 °C water bath.

Western Blot Analysis of β-LG Adducts
Following incubation of β-LG (0.25 mM) with GSH (1 mM) and/or ONE (1 mM), mixtures
were purged with argon, and N-ethylmaleimide was added (20 mM, final) to react with any
remaining reduced sulfhydryl groups. To these mixtures, as well as to β-LG-SSG, was added
Laemmli’s sample buffer +/− DTT (25 mM), and volumes corresponding to 1 µg β-LG (or
75 µg β-LG-SSG) were loaded on 12.5% SDS-polyacrylamide gels, then transferred to
PVDF membranes. Membranes were blocked with 5% milk in TBS (1% Tween) for 1 h,
then incubated with α-GSH primary antibody (Virogen, 1:500) for 1 h, washed in TBST
(Tris-Buffered Saline Tween-20), incubated with α-mouse secondary antibody (Jackson
Laboratories, 1:10,000) for 1 h, washed in TBST, and developed using the Super Signal
West Pico Chemiluminescent Detection Reagent (ThermoScientific).
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Results and Discussion
Inhibition of ONE-based β-LG Cross-Linking by GSH and Carnosine

Our previous study showed that ONE has a higher potential to cross-link proteins than
acrolein, 2,4-decadienal (DDE), HNE or malondialdehyde (29). ONE has been shown to
cross-link proteins principally through its ability to undergo conjugate addition of Cys and
His side-chains to the C=C (at either C2 or preferentially at C3(11)), resulting in a protein-
bound 4-ketoaldehyde that can subsequently undergo Paal-Knorr condensation with the ε-
amino group of Lys side-chains to give Cys–Lys and His–Lys pyrrole cross-links (11,15).
This type of cross-linking is one of the predominant modifications observed for ONE-
modified β-LG (17). Although it was anticipated that formation of a Cys or His Michael
adduct (MA) following the Lys–ONE Schiff base adduct would lead to ONE-based protein
cross-links (30), no mass spectrometric evidence from our study showed that this cross-
linking existed after incubation of ONE and β-LG for 10 min, 5 h or 24 h with or without
NaBH4 reduction treatment. Small molecules which contain reactive sulfhydryl or imidazole
nucleophiles can react with ONE through Michael addition. The resulting 4-ketoaldehyde
products are also able to condense with Lys residues of the protein, thus forming pseudo-
cross-links. GSH has a free sulfhydryl, and carnosine has an imidazole group. Both
nucleophiles were found by SDS–PAGE to inhibit ONE-induced protein cross-linking,
dependent on the ONE concentration (Figure 1). GSH proved to be the more effective cross-
linking inhibitor. When the ONE concentration is lower than or equal to the GSH
concentration (Figure 1A, lanes 4 and 6), only minimal protein cross-linking is observed.
When the ONE concentration is higher than the GSH concentration (Figure 1A, lane 8),
some ONE-induced protein cross-linking is observed, presumably due to the ONE not
consumed by GSH.

The rate constants for ONE reacting with GSH or Cys are much faster (> 1000 times) than
with Lys and His (8,9). Therefore, ONE is quickly trapped by GSH through–
sulfhydryl.ONE Michael addition after they are mixed together with β-LG, resulting in the
formation of GSH-adducted 4-ketoaldehydes, which can subsequently react with primary
amines, leading to ONE-derived adduction of GSH to the protein (Scheme 1). However, the
rate constants for the reaction of ONE with His and Lys are comparable (8,9). Therefore,
when β-LG is incubated with ONE and carnosine, ONE-induced carnosine-protein cross-
links could be formed by two pathways (Scheme 1). One path is the initial reaction of ONE
with carnosine to form the MA, which then reacts with a protein-bound amine to form a
Schiff base-MA intermediate which evolves into the ONE-derived adduction of carnosine to
the protein via a pyrrole. The second path is the initial reaction of ONE with a protein-bound
amine to form a Schiff base, which then reacts with carnosine through Michael addition to
produce a common intermediate, which cyclizes into a pyrrole cross-link. As Cys reacts with
ONE much faster than His and Lys, the GSH–ONE MA is more readily formed than the
carnosine–ONE MA or amine–ONE Schiff base adduct, which can explain the greater
efficiency of GSH as an inhibitor of ONE-based protein cross-linking.

β-LG modified directly by ONE and modified by the GSH–ONE MA both show alterations
of migration in SDS–PAGE compared to untreated β-LG. ONE-modified β-LG migrates
faster than the native protein. ONE modification can reduce the charge on β-LG as
converting a Lys ε-amine to a pyrrole reduces the pKa. The hydrophobic alkyl chain may
also enhance the binding of SDS. While the GSH–ONE MA modified protein migrates more
slowly as expected due to the addition of mass to the protein after modification.
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Cross-Linking of GSH or Carnosine to β-LG by ONE
The SDS–PAGE experiments (Figure 1) demonstrated that GSH inhibited ONE-based
protein cross-linking, leading to an alternative protein modification. Therefore, we
investigated the structural nature of ONE-dependent cross-linking of GSH to protein by
mass spectrometry, with both MALDI-TOF-MS and LC-ESI-MS/MS. MALDI-TOF-MS
can straightforwardly provide some information about modifications of the protein or
peptide by mass difference, and LC-ESI-MS/MS can identify the modified sites of the
tryptic or chymotryptic peptides based on the fragmentation patterns.

β-LG is composed of two variants, a heavier A chain and a lighter B chain. Variant B is
effectively the D64G/V118A double mutant of variant A (31). There are 15 Lys, 2 His and 1
free Cys residues in both variants of β-LG. Incubation of β-LG with a slight stoichiometric
excess of ONE results in a selective increase of 118 Da in both variants due to generation of
an internal Cys–ONE–Lys pyrrole cross-link (Figure 2A). Higher concentrations of ONE
result in generation of a more diffuse mixture of multiply-modified protein chains, which
makes the monomer peaks broad and indiscernible. In contrast, incubation of β-LG with
ONE in the presence of equal or excess GSH results in a mass shift of 425 Da (Figure 2B)
which is consistent with the modification of Lys residues by the GSH–ONE MA (Scheme
1). When the [ONE] is twice the [GSH], besides the modification from GSH–ONE, the
protein is also modified by excess ONE alone, so the observed peak is broadened (see the
[ONE] = 2.00 mM of Figure 2B). Importantly, the spectra show that when [ONE] ≤ [GSH]
ONE-alone modification is barely detectable, and this condition is more typical of the
intracellular milieu. In this study, in order to observe obvious mass changes and readily
detect GSH–ONE MA modified peptides in the mass spectrum of the protein after the
modification, up to millimolar ONE was used. This ONE concentration may be much higher
than the in vivo concentration during oxidative stress. At physiologic conditions, where
[ONE] is much lower than [GSH] and [proteins], it is expected that ONE will be
predominantly trapped by excess GSH to form the GSH–ONE MA, which has the potential
to form a pyrrole cross-link with protein Lys residues. The low concentration of [GSH–ONE
MA] will result in a small fraction of many different protein Lys residues being modified.
The low abundance of any individual one of these GSH-ONE MA cross-linked peptides may
be difficult to be detected by LC-MS.

As the GSH–d0-ONE MA and GSH–d9-ONE MA modified peptides will introduce mass
shifts of 425 and 434 Da (Scheme 1), respectively, the mass of all possible modified
peptides can be predicted. Scheme 1 presumes that only Lys containing peptides can be
modified by the GSH–ONE MA. Therefore, any Lys or amine-containing peptide from
tryptic or chymotryptic digests is a potential target of this modification, and their modified
masses (m+425 and m+434) were calculated and included in a parent mass list during the
data dependent scan, allowing their preferential fragmentation during elution by LC-MS/
MS. With the aid of the double peaks of the same peptide modified by GSH–d0-ONE MA
and GSH–d9-ONE MA, respectively, the modified peptides were searched for and validated
manually. For a peptide to be identified as containing a GSH–ONE MA modification, it had
to meet two requirements. First, it appeared as a predicted doublet (m+425:m+434), where
the m+425 and m+434 peptides had similar retention times and intensities with the peak m
+434 eluting a little earlier. Second, the mass spectra of both peptides had to exhibit similar
fragmentation patterns with y and b ions consistent with the predicted sequence. In addition,
the GSH–ONE adducted peptides always undergo a facile neutral loss of m/z 129 and 64.5
for singly and doubly charged peptides, respectively (32). However, if the MS/MS spectrum
of each peak of the doublet had too little information to be interpreted, such as the peaks
marked with “$” in Table 1, the doublet peaks were manually searched in the spectrum of
the control which was the incubation mixture of β-LG and ONE (d0:d9 = 1:1) without GSH.
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If these doublet peaks were absent in the control, they were interpreted as GSH–ONE MA
modified peptides.

LC-ESI-MS/MS analysis of tryptic (Table 1, selected ion chromatograms (SICs) and tandem
mass spectra of adducted peptides are present in the Supporting Information, Figures S1–
S14) or chymotryptic (Table S1, Supporting Information) digests of β-LG incubated with 1
mM ONE (d0:d9 = 1:1) and 1 mM GSH shows that essentially every primary amine, viz.
each Lys and the N-terminal amine, is modified to some extent by ONE cross-linked with
GSH. All of the GSH–ONE-modified peptides have two LC peaks with similar intensity, i.e.
m/z m+425 (for GSH–d0-ONE modification) and m/z m+434 (for GSH–d9-ONE
modification), and their sequences could be confirmed by MS/MS spectra. Figure 3 shows
an example of LC chromatograms, tandem mass spectra of the GSH–ONE-modified peptide
(76TKIPAVF83K) and the fragmentation and sequence assignment of the peptide. The top
trace is the smoothed total ion chromatogram (TIC) of the tryptic digest of modified β-LG.
The second and third traces are the SICs of the GSH–d0-ONE-modified (m/z 1328.70) and
GSH–d9-ONE-modified (m/z 1337.70) peptide 76TKIPAVF83K, respectively, each modified
at K77. The retention time of the peak containing d9-ONE (e.g. 58.18 min for m/z 1337.70)
is always a little earlier than the corresponding d0-ONE one (e.g. 58.33 min for m/z
1328.70). The bottom two MS/MS spectra of these two peaks, which have similar
fragmentation patterns, clearly show that GSH is covalently attached by d0-or d9-ONE to the
peptide 76TKIPAVF83K at K77. The abundant y'2 and d ions indicate that Cys of the GSH is
directly connected to ONE, excluding the alternative possibility of modification of the α-
amino group of glutamic acid of the GSH. The y5–y6 and b6–b7 ions show that K77
of 76TKIPAVF83K, and not K83, is modified.

The proteolytic digest of modified β-LG was also subjected to MALDI analysis. MALDI-
TOF spectra not only reveal the ONE-modified peptides easily, since the d0-ONE and d9-
ONE-modified peptides appear as doublets, but also further confirm that GSH can inhibit
the ONE-based protein cross-linking.

Figure 4 indicates that when the [ONE] is twice the [GSH] (see the top trace), 8 doublets (m
and m+9) are observed in the range shown. They were identified and sequenced by LC-MS/
MS (Table 2). Doublet 1 is the 4-ketoamide product of K135
of 123VRTPEVDDEALEK136F. Doublets 2, 3, 5, 6, 7 and 8 are Cys–ONE–Lys pyrrole
cross-links. Doublet 4 is GSH–ONE MA modified K135 of 123VRTPEVDDEALEK136F.
When the [ONE] is equal to or lower than the [GSH] (see the middle and bottom traces,
respectively), doublet 4 is still observed, while all of the other ONE-based modifications,
including the pyrrole cross-links, are not detectable. These observations support the
conclusion that GSH–ONE cross-linking to the protein inhibits ONE-induced protein-
protein cross-linking as well as other ONE-based modifications by stoichiometric reaction of
ONE and GSH followed by adduction of the ONE-GSH MA to the protein.

In the presence of ONE in excess of GSH, except for the Lys–ONE 4-ketoamide, only
Cys121–ONE–Lys pyrrole cross-links were detected (Figure 4) by MALDI-TOF-MS,
although we did find peptides consistent with formation of a His–ONE–Lys pyrrole cross-
link with much lower intensity by LC-MS/MS. It is quite interesting that all protein Cys121–
ONE–Lys135 cross-links disappear while the GSH–ONE–Lys135 cross-link remains when
the [ONE] is equal to or lower than the [GSH]. Possible explanations for these observed
phenomena are shown in Scheme 2, which indicates that k1 >> k2 in the formation of GSH–
or Cys121–ONE–Lys pyrrole cross-links. Three reasons k2 may be slower are that ONE
cannot access Cys121 easily, the pKa of Cys 121 is elevated relative to that of GSH and that
a noncovalent complex of ONE and protein is formed before the reaction. Figure 5 is the X-
ray structure of variant B of the β-LG. It shows that Cys121 is deeply buried in the protein,
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so the exogenous molecule could not reach it readily. Burial in a hydrophobic pocket
disfavors charge formation and raising the thiol pKa. In addition, like ref (33), the reaction
between Cys121 and ONE may be driven in part by noncovalent association of ONE in a
hydrophobic pocket. The burial of Cys121 is also a feature of the structure of variant A
(structure not shown). In contrast, the Cys thiol of GSH is completely solvent accessible.
Therefore, the reaction of Cys121 and ONE may have a much smaller rate constant (k2) than
that of GSH and ONE (k1), and effectively all of the ONE will be depleted by GSH before
ONE could react with Cys121.

As the imidazole-containing peptide carnosine is less reactive than the sulfhydryl-containing
GSH, it will compete less well with Cys121 and His residues of β-LG. Figure 1 shows that
carnosine only slightly inhibited the ONE-based protein cross-linking, suggesting that at the
concentrations employed, few carnosine moieties would be cross-linked to the protein. In
addition, comparison of the MALDI-TOF spectra of ONE-modified β-LG in the presence
and absence of carnosine did not reveal any significant differences (data not shown).
However, LC-ESI-MS/MS analysis of the proteolytic digests did detect carnosine cross-
linked to 13 out of 15 lysines of β-LG as well as the N-terminal amine (Table3, SICs and
tandem mass spectra of adducted peptides are present in the Supporting Information, Figures
S15–S21, and Table S2, Supporting Information), although the peak intensities are much
lower than those obtained with GSH (data not shown).

GSH has two nucleophiles, namely an amino group and a sulfhydryl group, both of which
can react with ONE. Consistent with previous studies showing that the rate constant for the
reaction of Cys and ONE is much faster (> 1000 times) than that of Lys and ONE (8,9), our
tandem mass spectra (Figure 3) demonstrate that the sulfhydryl, and not the α-amino group
of GSH, is responsible for the GSH–ONE-protein cross-linking. We still could not
unequivocally exclude the amino group from playing a role in this reaction course, since
Jian and Blair reported that the α-amino group of GSH was involved in the formation of
TOG (24), an intramolecular pyrrole cross-linking product of GSH by ONE. Therefore, we
incubated β-LG and ONE with AcGSH (Figure 6A) as a surrogate of GSH. The AcGSH–
ONE MA condensed with Lys results in a mass shift of 467 Da instead of 425 Da for GSH.
MALDI-TOF spectra show that AcGSH could also be cross-linked to the protein, which has
the same chemistry as that of GSH (Figure 6B). The use of AcGSH resulted in slightly
greater ONE-dependent modification of β-LG than with GSH (Figure 6B top two traces).
This enhanced cross-linking is attributed to AcGSH’s lack of an amino-terminus which can
“self-consume” some of the GSH–ONE MAs through the formation of TOG and other
adducts (24), and thus a fraction of the GSH–ONE MA is prevented from forming adducts
to the protein. The small difference between GSH and AcGSH reactivity suggests that the
sulfhydryl group of GSH is the major nucleophile that promotes GSH–ONE cross-linking to
the protein. On the other hand, as the His and Cys residues of β-LG can also first react with
ONE to form an unconjugated 4-ketoaldehyde, which can be condensed with an amino
group either intramolecularly from the protein (15) or from an exogenous reagent such as
GSH or carnosine to form a 3-substituted pyrrole cross-link. We did not find evidence for
this kind of cross-link in the proteolytic digests of β-LG in the presence of GSH. However,
carnosine (Table 3 and S2, Supporting Information) or hippuryl-Lys-OH (data not shown)
were cross-linked to His146 through the β or ε-amino group (Scheme 3) when ONE,
carnosine or hippuryl-Lys-OH and β-LG were incubated under the same conditions used for
the GSH incubations. These different results should not be attributed to the difference
between α-amino group of GSH and β-amino group of carnosine or ε-amino group of
hippuryl-Lys-OH since both α and ε-amino groups can be condensed with the GSH–ONE
MA to form the pyrrole (Table 1 and S1, Supporting Information). The likely explanation is
that when ONE is in excess of GSH, almost all of the GSH reacts quickly with ONE through
sulfhydryl–ONE Michael addition (Scheme 4), minimizing the GSH available to be
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condensed to the protein-bound 4-ketoaldehydes formed from the extra ONE with a much
slower rate constant than the GSH–ONE MA formation. When the ONE is equal to or lower
than the GSH, almost all of the ONE is rapidly trapped by GSH through sulfhydryl–ONE
Michael addition (Scheme 4), eliminating the potential for ONE to form the protein-bound
4-ketoaldehydes even if some free GSH were left. Therefore, it is understandable why cross-
linking of the α-amino group of GSH to β-LG-bound 4-ketoaldehydes could not be observed
under any conditions.

Relative reactivity of the GSH–ONE and GSH-HNE MAs with Proteins
Although ONE undergoes efficient conjugate addition by Cys and His residues, irreversible
modification of Lys residues by ONE is slow (12). In contrast, the 4-ketoaldehyde resulting
from trapping of ONE by GSH reacts rapidly with Lys residues (34,35). HNE is also known
to form a MA with GSH (Figure 7A) (21,23,36,37). In order to compare the reactivity of the
GSH–HNE MA with the GSH–ONE MA, β-LG modified by HNE in the presence of GSH
was analyzed by MALDI. Figure 7B shows that HNE is adducted to β-LG in the absence of
GSH with a mass shift of 156 Da (see the fourth trace), which is due to HNE MA formation.
However, when GSH is present, the HNE MA is significantly reduced, and there is no
GSH–HNE-based cross-link to β-LG observed (see the third trace). Therefore, GSH inhibits
HNE-based β-LG modification, and the GSH–HNE conjugate is not protein-reactive. This
dramatically contrasts with the behavior of the GSH–ONE conjugate which is quite reactive
toward the protein (see the top trace). The difference must be attributed to the carbonyl
present at C4 on ONE. In ONE, the initial Schiff base formed at either C4 or C1 will
irreversibly form the pyrrole adduct, but in HNE where C4 is present at the more reduced
hydroxyl level, the reversibly formed Schiff base at C1 is not trapped.

GSH cross-linking to the protein by ONE results in the loss of Lys residues of the protein.
Similarly, ONE-based modification of the protein such as 4-ketoamide formation and Cys or
His–ONE–Lys pyrrole cross-links consume Lys residues. In order to compare the Lys
reactivity of ONE itself with the GSH–ONE MA, a colorimetric 2,4,6-
trinitrobenzenesulfonic acid (TNBS) assay (38) was used to quantify the amino groups for
the ONE-modified β-LG at two different concentrations of ONE in the presence or absence
of GSH (Figure 8), after dialysis to remove the unreacted GSH. However, as GSH contains a
free amino-terminal, even if the GSH–ONE MA is condensed with Lys to form the pyrrole,
the GSH amino group would still be detected by TNBS (columns 3 and 7). However, the
detected amino group concentrations for the treated β-LG samples were lower than that for
the β-LG control (columns 1 and 5), probably because some Lys residues were still modified
by ONE even in the presence of GSH, or the ε-amino group of the Lys side chain is a better
nucleophile toward TNBS than the α-amino group. To remove this ambiguity, AcGSH,
which lacks a compensatory amino group, was used as a surrogate. Both Figures 8A and 8B
showed that more amino groups were lost in the presence of AcGSH (columns 4 and 8) than
in its absence (columns 2 and 6), consistent with the higher Lys reactivity with the AcGSH–
ONE MA in contrast to ONE itself.

Furthermore, for Lys-rich proteins, the absolute reactivity of ONE with the proteins should
be increased in the presence of GSH. Thus, cytochrome c and RNase A were incubated with
ONE only, or ONE and GSH together at 37 °C. MALDI-TOF-MS analysis of the modified
cytochrome c (Figure 9A) and RNase A (Figure 9B) as a function of time showed that the
native proteins were consumed faster by ONE in the presence of GSH (Figure 9 a' –e') than
in the absence of GSH (Figure 9 a–e). In addition, the GSH–ONE–protein cross-linking was
totally finished within 1 h as traces d' and e' are almost identical to c' in both Figures 9A and
9B, indicating that the two reactions required to form this cross-link occurred rapidly
(Scheme 1, GSH–ONE–Michael addition and subsequent Paal-Knorr condensation). For the
ONE alone modification, trace a shows that the early ONE modification of these two
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proteins was the Schiff base formation which has a mass shift of 136 Da (9). But trace e
indicates that the late stage of ONE modification was formation of Lys 4-ketoamide (12)
and/or His Michael addition (8), both of which have isobaric mass shifts of 154 Da.

These results provide a potential chemical explanation for the enhanced toxicity of ONE
relative to HNE. The reaction of ONE with GSH, an abundant cellular antioxidant, results
not in a decrease in electrophilicity, but an enhancement in the specific ability to modify
amino groups on proteins. The analogous reactions of HNE with GSH results in a reduced
reactivity of the product.

Detection of GSH–ONE Crosslinks by α-GSH Antibodies
When ONE and GSH are incubated together with β-LG, a band approximating the Mr of β-
LG is identified with a commercial GSH-specific antibody used routinely to identify
glutathionylated proteins (i.e., disulfide adducted glutathione). This anti-GSH specific band
was not observed in the absence of either ONE or GSH. A disulfide linked β-LG-SSG
protein could be produced by incubation of β-LG with GSSG, and this glutathionyl disulfide
adduct was similarly detected by the anti-GSH antibody. However, the disulfide linked β-
LG-SSG protein could be differentiated from the GSH–ONE adducted protein by incubation
with mercaptoethanol or dithiothreitol prior to electrophoresis, because these disulfide
reducing agents remove the glutathionyl moiety from β-LG-SSG but not from GSH–ONE
modified β-LG; hence anti-GSH immunoreactivity persisted with the latter. These results
suggest that in vivo production of ONE by lipid peroxidation may lead to the irreversible
incorporation of GSH into proteins during oxidative stress, in addition to reversible protein-
SSG formation. Therefore only DTT-reversible anti-GSH immunoreactivity should be
attributed to reversible protein-SSG formation, and further analysis is necessary to
characterize glutathionyl-protein adducts that are not dissociable by thiol reducing agents.

Conclusions
When incubated with proteins in vitro, the bifunctional lipoxidation-derived aldehyde ONE
can form cross-links through generation of Cys–Lys and His–Lys pyrrole cross-links. ONE
reacts rapidly with the antioxidants GSH and carnosine, and thus ONE-based protein-protein
cross-linking is inhibited. However, unlike HNE and presumably other α,β-unsaturated
aldehydes including DDE and acrolein, the reaction of ONE and GSH or carnosine uniquely
leads to the formation of a 4-ketoaldehyde, which is quite reactive toward primary amines
through Paal-Knorr condensation. As a consequence, GSH or carnosine can be cross-linked
to proteins by ONE.

SDS–PAGE showed that both GSH and carnosine could inhibit β-LG cross-linking by ONE,
with the former being the more effective inhibitor. MALDI-TOF mass spectra showed that
the GSH–ONE MA was rapidly adducted to model proteins such as β-LG, cytochrome c and
RNase A. GSH was detected to be cross-linked to all 15 lysines and the N-terminus of β-LG
through ONE with LC-ESI-MS/MS, while carnosine was found to be cross-linked to a lesser
extent and with lower intensity. By observing the time course for disappearance of the native
peak of Lys-rich proteins cytochrome c and RNase A, the GSH–ONE MA was found to be
more reactive than ONE itself toward these two proteins. Consistently, more Lys residues
were found to be lost when β-LG was incubated with ONE in the presence of AcGSH than
its absence, which indicated that the AcGSH–ONE MA was more reactive with Lys than
ONE. All of these observations lead to the conclusion that although GSH is considered to be
a detoxification reagent for α,β-unsaturated aldehydes (39), instead it enhances the reactivity
of ONE, since the GSH–ONE MA rapidly modifies protein Lys residues. In contrast, the
GSH–HNE MA was unreactive with protein, therefore GSH will protect protein from
modification by HNE. The toxic activation of ONE by GSH is reminiscent of the reaction of
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GSH with ethylene dibromide which becomes mutagenic and carcinogenic after conjugation
with GSH (40–42).

Uchida and coworkers reported that the acrolein-modified bovine serum albumin could also
incorporate GSH to form a C-glutathionylated protein (43). In their case, acrolein reacts with
the protein first, and then the acrolein-derived Lys adduct reacts with GSH. Our study
presents a novel mechanism for protein C-glutathionylation. Unlike reversible protein S-
glutathionylation, which plays an important role in redox signal transduction and associated
cellular functions (44–46), the potential impact of protein C-glutathionylation on cellular
homeostasis is unknown. However, the known generation of ONE by oxidative stress in the
presence of intracellular GSH strongly suggests that GSH–ONE modified proteins will
occur in vivo. In addition, our observations provide a cautionary note that appropriate
controls (+/− disulfide reducing agent) must be included when using anti-GSH antibodies to
distinguish reversibly S-glutathionylated proteins from C-glutathionylated proteins that are
irreversibly modified.

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

Abbreviations

AcGSH Nα-acetyl-glutathione

DDE 2(E),4(E)-decadienal

GSH glutathione

HNE 4-hydroxy-2(E)-nonenal

β-LG bovine β-lactoglobulin

MA Michael adduct

MALDI-TOF-MS matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry

ONE 4-oxo-2(E)-nonenal

d9-ONE 6,6,7,7,8,8,9,9,9-d9-4-oxo-2(E)-nonenal

RNase A ribonuclease A

SIC selected ion chromatogram

TBST Tris-Buffered Saline Tween-20

TFA trifluoroacetic acid

TIC total ion chromatogram
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Figure 1.
SDS–PAGE of 0.25 mM of β-LG incubated with ONE (d0:d9 = 1:1) at various
concentrations (mM) with or without 1.0 mM of GSH (A) or carnosine (B).
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Figure 2.
MALDI-TOF spectra of 0.25 mM β-LG modified by ONE at various concentrations (shown
in figures) without GSH (A) or with 1 mM GSH (B). The mass difference of 118 Da in A is
due to the Cys–ONE–Lys pyrrole cross-link, and 425 Da is due to the cross-link of GSH to
the protein by ONE.
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Figure 3.
TIC (1st trace) of the tryptic digest of modified β-LG by ONE (d0:d9 = 1:1) in the presence
of GSH and SIC and tandem mass spectrum of modified 76TKIPAVF83K by GSH.d0-ONE
MA (2nd trace and 1st spectrum) or GSH.d9-ONE MA (3rd trace and 2nd spectrum).
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Figure 4.
MALDI-TOF spectra of the chymotryptic digest of β-LG incubated with 1 mM GSH and
ONE (d0:d9 = 1:1, 0.50, 1.00 and 2.00 mM).
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Figure 5.
X-ray structure of β-LG B chain.
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Figure 6.
Structure of AcGSH (A) and MALDI-TOF mass spectra of 0.25 mM of β-LG modified by
1.00 mM of ONE with or without 1.00 mM GSH or 1.00 mM AcGSH (B). The mass
differences of 425 and 467 Da are due to the cross-link of GSH and AcGSH to the protein
by ONE, respectively.
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Figure 7.
Reaction of GSH and HNE (A) and MALDI-TOF mass spectra of 0.25 mM of β-LG
modified by 0.50 mM of HNE or ONE with or without 1.00 mM GSH (B). The mass
difference of 156 Da is due to the HNE MA.
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Figure 8.
TNBS assay results of β-LG modified by ONE with or without GSH or AcGSH at different
conditions. (A), 0.25 mM β-LG (4 mM amino groups), 1 mM ONE, 1 mM GSH/AcGSH, 24
h; Paired T-tests reveal columns 2 and 4 are each significantly different from columns 1 and
3 at p<0.05 (B), 0.0625 mM β-LG (1 mM amino groups), 1 mM ONE, 1 mM GSH/ AcGSH,
24 h. Paired T-tests indicate all four results are significantly different at p<0.05.
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Figure 9.
MALDI-TOF mass spectra of 0.25 mM of cytochrome c (A) or 0.25 mM of RNase A (B)
modified by 1.00 mM of ONE without (a–e) or with (a'–e') 1.00 mM of GSH at various
time. The mass difference of 154 Da is due to the Lys–ONE 4-ketoamide adduct or His–
ONE MA and 425 Da is due to the cross-link of GSH to proteins.
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Scheme 1.
Trapping of ONE by GSH or carnosine results in a 4-ketoaldehyde capable of modifying
protein-based lysines
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Scheme 2.
Formation of GSH– or Cys121–ONE–Lys pyrrole cross-link
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Scheme 3.
Protein-bound 4-ketoaldehyde is able to modify the exogenous amino group
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Scheme 4.
Reaction of ONE and GSH
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Table 1
^. GSH–ONE-modified β-LG peptides detected by HPLC-ESI-MS/MS in the tryptic digest.

Peptide sequence Position
Mass of GSH–ONE-modified peptide Modified

residueTheoretical Observed

LIVTQTMK 1–8 1358.71/1367.76 1358.57/1367.58 L1

LIVTQTMKGLDIQK 1–14 2013.08/2022.13 1007.25/1011.87#$ L1 or K8

VYVEELKPTPEGDLEILLQK 41–60 2738.42/2747.48 1369.95/1374.48# K47

WENDEC*AQKK 61–70 1732.73/1741.79 1732.46/1741.53 K69

WENGEC*AQKK 61–70 1674.73/1683.78 1674.44/1683.47 K69

KIIAEK 70–75 1126.62/1135.67 1126.55/1135.55 K70

IIAEKTK 71–77 1227.67/1236.72 1227.54/1236.61 K75

TKIPAVFK 76–83 1328.73/1337.78 1328.50/1337.65 K77

IPAVFKIDALNENK 78–91 1997.04/2006.10 999.22/1003.53#$ K83

IDALNENKVLVLDTDYK 84–100 2388.20/2397.26 1194.80/1199.32# K91

VLVLDTDYKK 92–101 1618.84/1627.90 1618.61/1627.60 K100

TPEVDDEALEKFDK 125–138 2060.94/2070.00 1031.14/1035.64#$ K135

FDKALK 136–141 1146.59/1155.64 1146.50/1155.55 K138

ALKALPMHIR 139–148 1574.86/1583.91 1574.64/1583.68 K141

^
SICs and tandem mass spectra of adducted peptides were presented in the Supporting Information, Figures S1–S14

*
alkylated with iodoacetamide

#
double charged peak

$
Both tandem mass spectra of GSH-d0-ONE and GSH-d9-ONE modified peptides had too little information to be interpreted, but their masses,

which matched the modification, and double LC peaks with similar retention times and intensities, which were not found in the control, implied the
right assignment.
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Table 3
^. Carnosine–ONE-modified β-LG peptides detected by HPLC-ESI-MS/MS in the tryptic digest

Peptide sequence Position
Mass of Carnosine–ONE-modified peptide Modified

residueTheoretical Observed

LIVTQTMK 1–8 1277.73/1286.76 1277.78/1286.67 L1

VYVEELKPTPEGDLEILLQK 41–60 2657.44/2666.47 1329.36/1334.00# K47

IIAEKTK 71–77 1146.69/1155.71 1146.63/1155.71 K57

KIIAEK 70–75 1045.64/1054.67 1045.58/1054.65 K70

TKIPAVFK 76–83 1247.75/1256.78 1247.65/1256.68 K77

FDKALK 136–141 1065.61/1074.64 1065.53/1074.58 K138

ALPMHIR 142–148 1181.66/1190.69 1181.68/1190.59 H146

^
SICs and tandem mass spectra of adducted peptides were presented in the Supporting Information, Figures S15–S21

#
double charged peak
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