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(E)-4-Hydroxynon-2-enal (HNE), an electrophilic bifunctional cytotoxic lipid peroxidation product,
forms covalent adducts with nucleophilic side chains of amino acid residues. HNE-derived adducts have
been implicated in many pathophysiological processes including atherosclerosis, diabetes, and Alzheimer’s
disease. Tritium- and deuterium-labeled HNE (d4-HNE) were used orthogonally to study adduction with
proteins and individual nucleophilic groups of histidyl, lysyl, and cysteine residues. Using tritium-labeled
HNE, we detected the binding of 486 molecules of HNE per low-density lipoprotein (LDL) particle,
significantly more than the total number of all reactive nucleophiles in the LDL particle. This suggests
the formation of adducts that incorporate multiple molecules of HNE with some nucleophilic amino acid
side chains. We also found that the reaction of a 1:1 mixture of d4-HNE and d0-HNE with N-acetylhistidine,
N-acetyl-Gly-Lys-OMe, or N-acetyl cysteine generates 1:1, 2:1, and 3:1 adducts, which exhibit unique
mass spectral signatures that aid in structural characterization. A domino-like reaction of initial 1:1 HNE
Michael adducts of histidyl or lysyl nucleophiles with multiple additional HNE molecules forms 2:1 and
3:1 adducts that were structurally characterized by tandem mass spectrometry.

Introduction

Phospholipids that incorporate arachadonic or linoleic acids
have doubly allylic methylene groups that are highly susceptible
to hydrogen atom abstraction followed by peroxidation leading
to an array of reactive oxidation products (1). The staggering
number of nucleophilic molecular targets in the intracellular as
well as intercellular environment for these highly reactive
electrophilic products of lipid oxidative fragmentation form a
complicated mixture of products, making it very difficult to
identify them and assign molecular structures (2). Oxidation of
lipids in low-density lipoproptein (LDL)1 is thought to be the
initial step in oxidative modification of LDL, which leads to
the formation of foam cells and, consequently, atherogenesis
(3). Oxidative fragmentation of these polyunsaturated lipids can
give rise to several cytotoxic products including several γ-hy-
droxy-R,�-unsaturated aldehydes, which have been shown to
be biologically active (4) and can act as ligands for the CD36
receptors in macrophages (5). Among these products, (E)-4-
hydroxynon-2-enal (HNE) has been studied extensively due to
its proclivity to form pathological adducts (6–9) with nucleo-

philic amino acid residues of proteins. Modification by HNE
has been shown to alter the structure (10) and function (11, 12)
of proteins. Furthermore, HNE is a structurally simple γ-hy-
droxyalkenal whose adducts with biological nucleophiles are
most readily characterized.

Earlier studies suggested that arginine, serine, methionine,
or tyrosine only form adducts with HNE under nonphysiological
conditions, for example, high alkalinity and temperatures much
greater than 37 °C (13, 14). Lysine, cysteine, and histidine
residues readily form Michael adducts (Scheme 1) (7). Michael
adducts of the histidine imidazole and cysteine thiol residues
are stable (15). In contrast, Michael addition of the lysyl ε-amino
group is readily reversible. The formation of Schiff bases with
the lysyl ε-amino group is also readily reversible, but upon
cyclization followed by dehydration, more stable pyrroles are
generated (16). HNE-derived pyrrole epitopes have been
detected in oxidatively damaged LDL, human blood plasma,
and atherosclerotic plaques (8).

A previous study on the modification of LDL by HNE showed
that there is a steady increase in the amount of HNE bound per
mol of LDL with increasing amounts of HNE added (17). Also,
a previous model study detected the formation of adducts that
incorporate two or more molecules of HNE per amine group,
from the reaction of equimolar amounts of HNE and primary
amines, even under high-dilution conditions (16). However,
structural characterization of all but a few adducts has been a
challenge possibly due to their labile nature. Methods employed
previously to identify HNE adducts of proteins or amino acids,
using NaBH4 reduction or modification by 3,5-dinitrophenyl-
hydrazine, are harsh and may reflect only a fraction of the
adducts formed. Because the detection and characterization of
these adducts involved derivatization using strong reducing and/
or acidic conditions, only adducts that are stable under these

* To whom correspondence should be addressed. Tel: 216-368-2592.
Fax: 216-368-2609. E-mail: rgs@case.edu.

† Case Western Reserve University.
‡ The Cleveland Clinic Foundation.
1 Abbreviations: AA-PC, arachidonyl phosphatidylcholine; BHT, buty-

lated hydroxytoluene; DPM, disintegrations per minute; DTPA, diethylen-
etriamine pentaacetic acid; EP, ethanolamine phospholipid; ESI, electrospray
ionization; HDL, high-density lipoproteins; HNE, (E)-4-hydroxy-2-nonenal;
d4-HNE, [8,8,9,9-2H4]HNE; HSA, human serum albumin; LA-PC, linoleoyl
phosphatidyl choline; LC, liquid chromatography; LDL, low-density lipo-
protein; MS, mass spectrometry; PBS, phosphate-buffered saline; PE,
phosphatidyl ethanolamine; TOF, time-of-flight; TLC, thin-layer chroma-
tography; TNBS, trinitrobenzenesulfonic acid; TIC, total ion current; SIM,
selected ion monitoring.

Chem. Res. Toxicol. 2008, 21, 1384–13951384

10.1021/tx8000303 CCC: $40.75  2008 American Chemical Society
Published on Web 06/21/2008



conditions have been detected. There is a need for mild
techniques that are compatible with the products, which are
stable under physiological conditions but which may readily
decompose under harsher conditions. We now report the
application of tandem mass spectrometry in conjunction with
isotope labeling to probe the adduction chemistry of HNE with
LDL and with amino acid residues and to identify the nature of
adducts formed under physiomimetic conditions.

Experimental Procedures

General Methods. Liquid scintillation counting was done
on a Beckman LS 5801 counter with quench curves made from
a Beckman 3H standard set. Samples were prepared with 5 mL
of xylene-based scintillation fluid (Fisher Scientific Co., Fair-
lawn, NJ). UV spectra were obtained with a Perkin-Elmer model
Lambda 3B spectrophotometer. Lysine modification was de-
termined by trinitrobenzenesulfonic acid (TNBS) assay (18).
Spectrapor membrane tubing (Mr cutoff 14000, no. 2) for
standard dialysis was obtained from Fisher Scientific Co.
(Pittsburgh, PA). The following commercially available materi-
als were used as received: human serum albumin (HSA, fraction
V) and disodium p-nitrophenyl phosphate was from Sigma (St.
Louis, MO). Phosphate-buffered saline (PBS) was prepared from
a pH 7.4 stock solution containing 0.2 M NaH2PO4/Na2HPO4,
3.0 M NaCl, and 0.02% NaN3 (w/w). HNE and tritium-labeled
HNE ([9-3H]HNE, 63.5 µCi/mmol) were prepared as described
earlier (19). Native human LDL (3.8-3.9 mg apoB-100/mL)
was isolated as described previously (20). Nuclear magnetic
resonance (NMR) spectra were recorded on a Varian Gemini
spectrometer operating at 200, 300, 400, or 600 MHz. All
materials were obtained from Aldrich (Michigan) unless oth-
erwise specified. Thin-layer chromatography (TLC) was per-
formed on glass plates precoated with silica gel (Kieselgel 60
F254, E. Merck, Darmstadt, Germany). Rf values have been
quoted for plates of thickness 0.25 mm. The plates were
visualized with iodine or phosphomolybdic acid reagent (21).
Flash column chromatography was performed on 230-400 mesh
silica gel supplied by Merck (Darmstadt, Germany). For all
reactions performed in an inert atmosphere, argon was used
unless specified.

Mass Spectrometry. All high-resolution mass spectra of
synthesized compounds were recorded on a Kratos AEI MS25

RFA high-resolution mass spectrometer at 20 eV. Mass spectra
of the HNE adducts were analyzed using matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spec-
trometer (Voyager Pro-DE, Applied Biosystems, Foster City,
CA) or quadrupole time-of-flight mass (Q-TOF) mass spec-
trometer (Micromass, Manchester, United Kingdom). Tandem
mass analysis of HNE adducts was performed using the Q-TOF
mass spectrometer. The samples were infused using a 100 µL
Hamilton syringe, using a syringe pump (Harvard apparatus,
Pump 11), onto a capillary column (PicoFrit 0.050 mm × 50
mm, 5 µm; New Objective Inc., Woburn, MA) at 0.5 µL/min,
which is connected to an in-house-designed electrospray ioniza-
tion source (ESI). The mass spectrometer was operated in
standard MS and MS/MS switching modes. The MS data were
collected for the mass range of m/z 50-1500, and MS/MS data
analyses utilized Micromass software (MassLynx) version 3.5.
The instrument was calibrated using a solution of 2 fmol of
[Glu1]Fibrinopeptide B (Sigma) in 50% aqueous acetonitrile
with 0.1% formic acid. The intensity of the peak from the MS/
MS spectrum at 785.4 m/z was used as a reference for
calibration. The final mass measurement accuracy of e10 ppm
was achieved before samples were analyzed.

Selected Ion Monitoring. Selected ion monitoring of HNE
adducts was performed using a Waters Alliance 2690 HPLC
(Waters, Wilmington, DE) coupled to an online Quattro Ultima
electrospray mass spectrometer (Micromass, Manchester, United
Kingdom). The samples analyzed for selected ion monitoring
were chromatographically separated on a reversed phase column
and detected in positive mode. The chromatographic separation
was achieved using a Prodigy ODS-2, 5 µm column (Pheno-
menex, United Kingdom, 150 mm × 2.0 mm i.d.), with a binary
solvent (water and methanol) gradient. The solvents were
supplemented with 0.2% formic acid. The flow rate was 200
µL/min.

TNBS Assay for Protein Lysine Modification. The follow-
ing solutions were prepared for determining HNE-modified lysyl
residues in LDL by the TNBS assay: solution A, freshly
prepared 0.1 M Na2SO3; solution B, 0.1 M NaH2PO4; solution
C, 0.1 M Na2B2O7·10H2O in 0.1 M NaOH; solution D, 1.5 mL
of solution A + 98.5 mL of solution B; and solution E, freshly
prepared 5% aqueous TNBS solution. LDL (0.5 mg/mL) was
treated with tritium-labeled HNE (2.0 mM, or final concentra-

Scheme 1. Generation of HNE and Amino Acid Michael Adducts from Polyunsaturated Fatty Acids
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tion, 0.2 mM) at 37 °C in PBS buffer (10 mM, pH 7.4) in the
presence of diethylenetriamine pentaacetic acid (DTPA, 100
µM) and butylated hydroxytoluene (BHT, 40 µM). Aliquots
were removed at various time intervals. The lysyl modification
by HNE was determined by the following procedure. The aliquot
of LDL-HNE mixture (100 µL) was combined with water (400
µL) and mixed with 500 µL of solution C in a 5 mL glass tube.
To this mixture, solution E (20 µL) was added, and the resulting
mixture was incubated at room temperature for 30 min in the
dark. Then, 2 mL of solution D was added to each sample, and
the absorbance was measured twice at 420 nm. The mean
absorbance values were used for calculating available primary
amino residues in LDL and estimating % of reactive lysyl groups
modified by HNE relative to the native LDL (εmax ) 1.92 ×
104 M-1 cm-1 is the molar extinction coefficient of TNP-lys at
420 nm). Because phosphatidyl ethanolamine can also rapidly
react with TNBS, the modification of amino residues determined
by the TNBS assay also includes modification of ethanolamine
phospholipids (EPs) in LDL.

Binding to LDL with Various Initial Concentrations of
HNE. LDL (0.5 mg/mL) was exposed to different initial
concentrations (0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 mM) of tritium-
labeled HNE (63.5 µCi/mmol) for 24 h at 37 °C in PBS buffer
(10 mM, pH 7.4) in the presence of DTPA (100 µM, final
concentration) and BHT (40 µM, final concentration), followed
by dialysis for 24 h to remove unbound HNE. A tritium-labeled
HNE solution (1 mg/mL in ethyl acetate) was freshly prepared
for making the above serial HNE solutions. The concentration
of the stock HNE solution (1 mg/mL) was determined by
measurement of UV absorbance at 224 nm presuming a molar
extinction coefficient of 13750 M-1 for HNE in MeOH and
confirmed by quantitative radiochemical analysis. The radio-
activity of HNE bound to LDL was determined in disintegrations
per minute (DPM) by liquid scintillation counting. The DPM
was converted to µCi by dividing by 2.2 × 106 (DPM/µCi).
The amount of HNE bound to LDL was calculated by using
the specific radioactivity (63.5 µCi/mmol) for the tritium-labeled
HNE.

Time Dependence for Adduction of Tritiated HNE to
LDL or HSA. LDL (0.5 mg/mL, 0.97 µM, MW ) 515000,
350 lys/LDL) and HSA (0.38 mg/mL, 5.7 µM, MW ) 66437,
59 lys/LDL), which contain the same level of lysyl residues,
were exposed, respectively, to two different initial concentrations
(0.2 and 2.0 mM in 10 mM PBS solution) of tritium-labeled
HNE (63.5 µCi/mmol) at 37 °C for 48 h. Aliquots were removed
at various time intervals, followed by dialysis against PBS buffer
(10 mM) with ethylenediamine tetraacetate (1 mg/mL) for 24 h
to remove unbound HNE. DTPA (100 µM) and BHT (40 µM)
were added to the HNE-LDL samples to avoid autoxidation of
LDL during the incubation and storage. The radioactivity of
HNE bound to the LDL or HSA was determined by liquid
scintillation counting in DPM. The DPM was converted to µCi
by dividing by 2.2 × 106 (DPM/µCi). The amount of HNE
bound to proteins was calculated from the specific radioactivity
(63.5 µCi/mmol) of the HNE.

Synthesis of [8,8,9,9-2H4]HNE (d4-HNE). Toluene-4-
sulfonic Acid Pent-4-ynyl Ester (2). A suspension of p-tosyl
chloride (3.4 g, 17.9 mmol) and triethylamine (6 mL) in CH2Cl2
(25 mL) was added dropwise to pent-4-yn-1-ol (1 g, 11.9 mmol)
at 0 °C, and the reaction mixured was stirred at 0 °C. When
TLC showed no starting material, the reaction mixture was
extracted with ethyl ether (3 × 20 mL). The extract was washed
with saturated sodium bicarbonate, water, and brine. After it
was dried over MgSO4, the solvent was removed in vacuo and

purified by column chromatography with 5% ethyl acetate in
petroleum ether (Rf ) 0.7) to yield a oily liquid 2 (2.43 g, 86%)
(22).

[4,4,5,5-2H4]Toluene-4-sulfonic Acid Pent-4-nyl Ester
(3). To a flask containing benzene (2 mL) flushed with argon
was added freshly prepared Wilkinson’s catalyst RhCl(PPh3)3

(12 mg, 12.9 µmol) (23). The flask was flushed with argon for
5 min, and the valve turned to deuterium gas. The color of the
solution turned ice-tea brown. After 5 min, a solution of 2 (336
mg, 1.41 mmol) in degassed benzene (1 mL) was added
dropwise. The reaction was allowed to proceed under a positive
pressure of D2 until the reaction ceased to consume D2. The
solvent was removed on a rotatory evaporator. The product was
extracted by trituration with hexanes (3 × 20 mL) and purified
by column chromatography with 5% ethyl acetate in hexanes
(Rf ) 0.5) to yield an oily liquid 3 (260 mg, 74%). 1H NMR
(CD3Cl, 300 MHz): δ 7.77 (d, J1 ) 6.2 Hz, J2 ) 1.6 Hz, 2H),
7.33 (d, J ) 8.4 Hz, 2H), 4.02 (t, J ) 6.5 Hz, 2H), 2.45 (s,
3H), 1.63-1.64 (2H), 1.26 (t, J ) 7.2 Hz, 2H), 0.8031 (bs,
1H). 13C NMR (CD3Cl, 75 MHz): δ 144.8, 133.4, 129.9, 128.0,
70.9, 28.6, 27.3, 21.8, 21.1(t), 13.3(q). HRMS (EI) m/z calcd
for C12H14D4O3S+ (M+), 246.1224; found, 247.1292 (M + H)+

(24).

[7,7,8,8-2H4]-1-(2,2-Dimethyl-[1,3]dioxolan-4-yl)oct-1-en-
3-ol (6). To a stirred solution of sodium iodide (750 mg, 5
mmol) in freshly distilled acetone (15 mL) was added potassium
carbonate (550 mg, 4 mmol) and tosylate 3 (500 mg, 2 mmol).
The solution was refluxed for 3 h or until the reaction was
complete. The solvent was removed on a rotatory evaporator
and then on a vacuum pump to give crude iodide 4. This product
was used for the next step without further purification. 2H NMR
(CDCl3, 90 MHz): δ 1.185, 1.120, 0.884, 0.737. 1H NMR
(CDCl3, 300 MHz): δ 3.19 (t, J ) 7 Hz, 2H), 1.78-1.83 (m,
2H), 1.36 (t, J ) 7.7 Hz, 2H), 0.86 (s, 1H).

A solution of t-butyl lithium (6 mmol) in hexanes was added
dropwise to a stirred solution of iodide 4 (∼150 mg, 0.74 mmol)
in freshly distilled ethyl ether:pentane (2:1, 15 mL) at -78 °C
under argon. After 10 min at -78 °C, the reaction mixture was
allowed to warm to room temperature to generate the alkyl
lithium. The reaction mixture was then cooled to -78 °C, and
3-(2,2-dimethyl-[1,3]dioxolan-4-yl)-propenal (5) (25) (108 mg,
0.7 mmol) was added dropwise with stirring over for 5 min.
After the resulting mixture was stirred for 30 min, saturated
NH4Cl was added. The resulting mixture was extracted with
ethyl ether (3 × 15 mL). The organic extract was washed with
brine, and solvent was removed on a rotatory evaporator. The
crude product was purified on a flash column with 25% ethyl
acetate in hexanes to deliver 6 (136 mg, 84%). 1HNMR (CDCl3,
300 MHz): δ 5.82 (dd, J ) 15.4, 6.1 Hz, 1H), 5.64 (ddd, J )
16.5, 7.4, 2.3 Hz, 1H), 4.5 (dd, J ) 13.7, 7.1 Hz, 1H), 4.06-4.13
(m, 2H), 3.57 and 3.58 (2t, J ) 7.9 Hz, J ) 7.7 Hz, 1H),
1.25-1.60 (8H), 1.40 (s, 3H), 1.37 (s, 3H), 0.82 (s, 1H). 13C
NMR (CDCl3, 300 MHz): δ 137.46, 137.39, 127.81, 127.76,
109.40, 109.38, 76.57, 72.04, 71.98, 69.49, 69.47, 37.15, 37.05,
31.48, 26.71, 25.92, 25.05, 24.99, 21.62(q), 13.23 (q). HRMS
m/z calcd C13H20D4O3 232.1972 (M)+ found, 233.2035 (M +
H)+; 231.1872, (M - H)+.

[8,8,9,9-2H4]-4-Hydroxy-2(Z)-nonenal (7). This product was
accessed by two different methods.

Method A. A suspension of sodium periodate (24 mg, 0.117
mmol) in acetic acid/water (2:1, v/v, 2 mL) was added to
compound 6 (13 mg, 0.056 mmol), and the mixture was stirred
magnetically for 4 h at 40 °C or until the reaction was complete.
Then, the solvent was removed by rotary evaporation under
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reduced pressure. The last traces of HOAc were removed by
azeotropic distillation with n-heptane (3:1 mL) under high
vacuum. The resulting residue was flashed chromatographed on
a silica gel column (30% ethyl actetate in hexanes) to give 7 (8
mg, 89%).

Method B. A solution of the compound 6 (13 mg, 0.056
mmol) in acetic acid/water (2:1, v/v, 1.2 mL) was stirred
magnetically for 4 h at 40 °C. Then, the solvent was removed
by rotary evaporation under reduced pressure. The last traces
of HOAc were removed by azeotropic distillation with n-heptane
(3:1 mL) under high vacuum. Dry methylene chloride (2 mL)
and Na2CO3 (5.7 mg, 0.054 mmol) were added to the residue.
The solution was stirred magnetically at -78 °C under an argon
atmosphere, and Pb(OAc)4 (31 mg, 0.07 mmol) was added. The
resulting solution was stirred for 30 min. The solvent was then
removed, and the residue was flashed chromatographed on a
silica gel column (30% ethyl actetate in hexanes) to give 7 (7
mg, 78%). 1H NMR (CD3Cl, 300 MHz): δ 9.57 (d, J ) 7.7
Hz, 1H), 6.80 (dd, J1 ) 15.7 Hz, J2 ) 4.5 Hz, 1H), 6.29 (dd,
J1 ) 15.7 Hz, J2 ) 7.7 Hz, 1H), 4.02 (t, J ) 6.5 Hz, 2H), 2.45
(s, 3H), 1.63-1.64 (2H), 1.26 (t, J ) 7.2 Hz, 2H), 0.8031 (bs,
1H). 13C NMR (CD3Cl, 75 MHz): δ 193.1, 158.7, 130.6, 92.3,
71.1, 36.5, 31.3, 29.2, 24.8.

Synthesis of HNE Adducts of N-Acyl Amino Acids. A
solution of [8,8,9,9-2H4]HNE (d4-HNE) (5 mM in ethyl acetate)
was freshly prepared and added to a solution of unlabeled HNE
(5 mM in ethyl acetate) to make a 1:1 stock solution. The
concentrations of the stock solutions were determined by
measurement of UV absorbance at 224 nm presuming a molar
extinction coefficient of 13750 M-1 for HNE in MeOH (26).
To a 1.5 mL glass vial was added a 1 mL stock solution of
HNE (d4:d0), and the solvent was evaporated using a gentle
stream of N2 gas. In a typical reaction, a solution of N-acyl
amino acid, for example, R-N-acetyl-lysine (20 µM), in PBS
(10 mM, pH 7.4) was then added to the d4-HNE and HNE (1:
1) to give 10 µM final concentration of total HNE. The mixture
was incubated at 37 °C for 24 h. Longer reaction times were
required, in some cases, to favor the formation of adducts that
are generated in low abundances, for example, 36-48 h at room
temperature for 3:1 HNE: N-acetyl-glycine-lysine-OMe adducts.
Following the incubation, an aliquot of the reaction mixture was
quickly dried using a high-speed vacuum evaporator and then
stored at -20 °C until analysis by Q-TOF mass spectrometer.

Results

Decrease of TNBS Reactivity of LDL upon Incubation
with HNE. We found a significant decrease (62%) of TNBS
reactivity in LDL (0.50 mg/mL) that was incubated with tritium-
labeled HNE (2.0 mM) at 37 °C for 48 h (Figure 1). This
corresponds to the loss of 165 (based on εmax ) 19200 L mol-1

cm-1) (27) or 230 (based on εmax ) 14600 L mol-1 cm-1)
(28) primary amino residues per LDL particle. In comparison,
oxidation of LDL, by exposure to 5 µM CuSO4 at 37 °C for
20 h, was previously shown to result in the loss of 130-145
“lysyl residues” per LDL based on TNBS assay (29, 30). We
find that the TNBS reactivity of LDL decreases rapidly in the
first hour in the reaction of LDL with HNE. Thus, up to 70%
of total HNE binding occurs in the first hour.

Dependence of HNE Binding to LDL on HNE Concentra-
tion. HNE binding to LDL was determined by quantitative
radiochemical analysis with tritium-labeled HNE. LDL (0.50
mg/mL, 0.97 µM) was exposed to different initial concentrations
of tritium-labeled HNE for 24 h at 37 °C in PBS buffer (10
mM, pH 7.4) in the presence of DTPA and BHT to prevent
autoxidation, followed by dialysis for 24 h to remove unbound
HNE. After 24 h of incubation, up to 314 HNE molecules bind
to an LDL particle with 1.6 mM HNE initial concentration, and
the amount of HNE bound to LDL increased linearly with initial
HNE concentration (Figure 2). Upon the incubation of LDL
(0.50 mg/mL, 0.97 µM) with tritium-labeled HNE (2.0 mM,
instead of 1.6 mM) for 48 h, rather than 24 h, at 37 °C in PBS
buffer (10 mM, pH 7.4) in the presence of DTPA and BHT,
486 HNE molecules bound per LDL particle.

Time Course of HNE Binding to LDL or HSA. Solutions
containing the “same level” of lysyl groups in either LDL (0.5
mg/mL, 0.97 µM) or HSA (0.38 mg/mL, 5.7 µM) in PBS (10
mM, pH 7.4) were treated with two initial concentrations of
tritium-labeled HNE (0.2 or 2.0 mM) for 24 h at 37 °C in PBS
buffer (10 mM, pH 7.4), followed by dialysis against PBS (10
mM) for 24 h to remove unbound HNE. DTPA and BHT were
added to the LDL solution to avoid autoxidation of LDL during
the incubation and storage. The time course of HNE binding to
LDL is shown in Figure 3. Binding of HNE to LDL occurs in
two phases: an initial “rapid phase” corresponding to more than
80% of total HNE binding within 3 h (about 70% of total
binding HNE occurs in the first hour) and a “slower second

Figure 1. Time course for the change in TNBS reactivity of LDL (0.50
mg/mL) upon incubation with tritium-labeled HNE (2.0 mM) at 37 °C
for up to 48 h.

Figure 2. Correlation of HNE bound to LDL (0.5 mg/mL, 0.97 µM)
with varying initial HNE concentrations after 24 h of incubation at 37
°C.

Figure 3. Time course for binding of HNE with LDL (0.50 mg/mL)
as a function of initial HNE concentration: LDL-HNE (2.0 mM) (solid
circles) and LDL-HNE (0.2 mM) (open circles).
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phase” corresponding to about 20% of total binding during an
additional 45 h. To determine whether this behavior is a
characteristic of lipoprotein particles or is a general characteristic
of the reaction of HNE with nucleophiles, for example, in protein
side chains, we examined the time course of HNE binding to
HSA. Binding of HNE to HSA also occurs in two phases (Figure
4). This result is consistent with earlier reports using 13C NMR
spectroscopy (31).

Synthesis of d4-HNE. 4-Pentynol (1) was used as a precursor
for carbons 5-9 and the protected aldehyde 5 as the precursor
for carbons 1-4 of the d4-HNE (Scheme 2). The tosyl ester 3
of d4-pentanol was obtained in 74% yield by deuteration of pent-
4-ynyl tosyl ester (2) (22) using Wilkinson’s catalyst, RhCl(P-
Ph3)4, and deuterium (24). An intermediate [4,4,5,5-2H4]pentyl
iodide (4) was generated by heating the tosylate 3 with NaI
and K2CO3 in refluxing acetone (Scheme 3) (32). The iodide 4
was converted into [4,4,5,5-2H4]pentyllithium by metal halogen
exchange of with t-BuLi. Alkylation of aldehyde 5 by the
pentyllithium yielded the stable precursor 6 of d4-HNE in 84%
overall yield. Preparation of HNE from this precursor was
performed by a one-step procedure, using NaIO4 and aqueous
acetic acid, to give d4-HNE (7) in 89% yield. An alternative
two-step procedure using acetic acid and lead tetraacetate gave
HNE in 78% yield (19).

Mass Spectrometric Analysis of HNE Adducts. The
MALDI-TOF mass spectra of product mixtures generated in
the reactions of HNE (d4:d0, 1:1) with N-acetyl histidine,
N-acetyl cysteine, or N-acetyl-glycine-lysine methyl ester
exhibited multiple peaks that correspond to d0, d4, and d8

isotopologues (chemical species that differ only in isotopic
composition) that appear as unique sets of “multiplets” with a
mass difference of 4 Da (for a detailed explanation of the
principles involved, see the Supporting Information, pp S2-S4).
Further analysis was performed using a Q-TOF mass spectrom-
eter by single (Figure 5) and tandem MS modes to identify the

products formed. Also, semiquantitative analyses of various
molecular ions were done by liquid chromatography and selected
ion monitoring [LC-ESI/selected ion monitoring (SIM)/MS]
using a Quattro Ultima (Micromass, Manchester, United King-
dom) mass spectrometer.

HNE Adducts of N-Acetyl-histidine. The parent ion for the
Michael adduct (see Scheme 1) of N-acetyl-histidine with HNE
(d4:d0, 1:1) appears as a “doublet” at m/z 354 and 358 (Figure
5C). Tandem MS/MS analysis of these ions resulted in a specific
signature of fragments corresponding to the labeled or unlabeled
HNE. Thus, MS/MS of the m/z 354 ion yields daughter ions at
m/z 336, 312, 308, 266, 198, 180, 177, 156, 152, 139, 110, and
95, while tandem MS/MS of the ion at m/z 358 yields daughter
ions at m/z 340, 316, 312, 270, 198, 180, 177, 156, 152, 143,
110, and 95 (see the Supporting Information, Figure S1). On
the basis of mass differences between the ions from both of the
spectra, daughter ions containing the C5-C9 alkyl chain of the
HNE were identified. The structures of the ions in this mass
spectrum can be rationalized based on the patterns observed in
the fragmentation of N-acetyl-histidine. Similar to the fragmen-
tation pattern reported for N-acetyl-histidine (35), fragmentation
of the Michael adduct exhibits peaks originating from loss of a
ketene [MH+ - (CH2dCO)] (m/z 312) from the N-acetyl group
and carboxyl loss [MH+ - CO - H2O)] (m/z 308) from
C-terminal acid. Additionally, the m/z 312 and 308 undergo a
subsequent loss of the carboxyl or the ketene group, respectively,
to generate peaks at m/z 266. The daughter ion at m/z 139 (and
m/z 143 from the d4-HNE) is derived from the HNE moiety
possibly through loss of H2O of the protonated hemiacetal
product from retro Michael cleavage of the adduct (33–36).

A 2:1 HNE Adduct with N-Acetyl-histidine. The combined
mass spectra from the total ion chromatogram of the reaction
product mixture (Figure 5) also showed ions with m/z much
greater than 400. These molecular ion peaks can only be formed
by reaction of two or more of the reaction components. A
“triplet” (see the Supporting Information, pp S2-S4, for an
explanation of this concept) was observed at m/z 510, 514, and
518 (1:2:1) that would correspond to an adduct with two
molecules of HNE and one of N-acetyl-histidine. The tandem
MS/MS of the m/z 510 precursor ion generates some of the
prominent fragments corresponding to the loss of carboxyl,
acetyl, and d0-HNE at m/z 464, 468, and 354, respectively
(Figure 6C), including ions observed for the fragmentation of
the m/z 354 ion. Fragmentation of the parent ions at m/z 514
and 518 generated daughter ions with masses 4 or 8 Da more
than those observed for the m/z 510 ion (Figure 6A,B).

Two structures for the 2:1 adduct are chemically logical. They
are a Michael-aldol adduct 8 or a Michael-Michael adduct 10
(both shown protonated in Scheme 3). Each of these will
undoubtedly exist in equilibrium with a plethora of multicyclic
hemiacetal forms analogous to that shown in Scheme 1 for the
1:1 adduct. The fragments 11 and 12 could be produced from
either 8 or 10 by McLafferty rearrangements (Figure 6). Thus,
the peak at m/z 466 (from MS/MS of m/z 510) can be generated
either from the cleavage of “bond c” through McLaffety
rearrangement of 10 or by loss of a carboxyl group (MH+ -
CO - H2O) from 8 as shown in Scheme 3. However, the peak
at m/z 422 can only be formed by loss of carboxyl group (MH+

- CO - H2O) from 13, suggesting that this fragment ion is
derived from 10 and not from 8. Furthermore, if 15 were derived
from 8, the formation of a fragment ion at m/z 424, which
corresponds to ketene loss from 15, is expected but is not
observed. Therefore, the 2:1 adduct is assigned the structure
10 rather than 8.

Figure 4. Time course for binding of HNE with HSA (0.38 mg/mL)
as a function of initial HNE concentration: HSA-HNE (2.0 mM) (solid
circles) and HSA-HNE (0.2 mM) (open circles).

Scheme 2. Synthesis of [7,7,8,8-2H4]HNE (7)
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A 3:1 HNE Adduct with N-Acetyl-histidine. A “quadruplet”
(see the Supporting Information, pp S2-S4, for an explanation
of this concept) of ions at m/z 666, 670, 674, and 678 in an
approximate 1:3:3:1 distribution is present in the ESI-MS of
the reaction product mixture (Figure 5C) representing adduction
of three molecules of HNE with one of N-acetyl-histidine.
Tandem MS/MS analysis of the m/z 666 (see the Supporting
Information) ion yielded daughter ions at m/z 622, 578, and

510 as well as daughter ions that were observed in the
fragmentation of m/z 510 ions (Figure 6), and fragmentation of
the m/z 670, 674, and 678 parent ions gave corresponding
daughter ions 4 or 8 Da heavier than those observed for the
m/z 666 ion.

HPLC separation of the product mixture from reaction HNE
with N-acetyl-histidine was monitored on a Quattro Ultima
electrospray mass spectrometer (Micromass) by LC-ESI/SIM/

Figure 5. ESI-TOF-MS of reaction product mixtures generated from HNE (d4:d0, 1:1) and (A) N-acetyl-glycyl-lysine-OMe, (B) N-acetyl cysteine,
and (C) N-acetyl-histidine.

Scheme 3. Structural Characterization of the 2:1 HNE-N-Acetylhistidine Adduct by MS/MS Analysis
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MS of the prominent ions mentioned above. As evident from
the chromatograms in Figure 7, the peaks derived from each
adduct and its d4-labeled isomer have similar signatures. The
1:1 Michael adduct is expected to be comprised of four

diastereomers that emerge at 8.6-9.4 min. In the case of 2:1
and 3:1 HNE/N-acetyl histidine adducts, much more complex
mixtures of diastereomers are anticipated. The total ion current
(TIC) for 1:1 adducts is greater than for 2:1 adducts, and that

Figure 6. ESI-TOF-MS/MS of molecular ions at (A) m/z 518, (B) m/z 514, and (C) m/z 510 from infusion of the reaction product mixture from
HNE (d4:d0, 1:1) and N-acetyl histidine. m/z ranges marked with an “x2” are magnified two times in the y-axis.

Figure 7. LC-ESI/SIM/MS for the reaction product mixture from N-acetyl histidine and HNE (d4:d0, 1:1) monitored for the masses (A) m/z 670,
(B) m/z 666, (C) m/z 518, (D) m/z 514, (E) m/z 510, (F) m/z 358, (G) m/z 354, and (H) the total ion chromatogram.
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for 3:1 adducts is relatively minor. Also, with the increase in
the number of HNE molecules adducted on to N-acetyl-His,
the polarity of the adducts decrease dramatically (1:1 > 2:1 >
3:1).

HNE Adducts of N-Acetyl-glycyl-lysine Methyl Ester.
N-Acetyl-glycyl-lysine methyl ester (N-acetyl-Gly-Lys-OMe)
was used to explore the adduction pattern with HNE of the
ε-amino group of lysyl residues. The product mixture from the
reaction of HNE (d4:d0, 1:1) with N-acetyl-Gly-Lys-OMe was
analyzed by ESI-TOF-MS to determine the nature of these
adducts. The tandem MS/MS spectrum of the molecular ion at
m/z 416 and the isotope-labeled peak at m/z 420 correspond to
the Michael (1:1) adduct (see Scheme 1) based on the molecular
weight and pattern of fragmentation (see the Supporting
Information, Figure S5) (37). The major peaks in the MS/MS
are formed from the loss of water (-18), an acetyl group (-44),
and by retro-Michael elimination (-156). Molecular ions
corresponding to a Schiff base adduct of HNE with N-acetyl-
glycine lysine methyl ester were observed at m/z 398 and 402
(see the Supporting Information, Figure S6). The tandem MS/
MS of molecular ions at m/z 380 and m/z 384, corresponding
to a pyrrole adduct of the HNE (d4:d0, 1:1) with lysine, show
a fragmentation consistent with the structure of these adducts
(see the Supporting Information, Figure S7). One prominent
feature among these spectra is the absence of the retro-Michael
adduct fragment at m/z 139/143 in the MS/MS of both the Schiff
base and the pyrrole adducts (see the Supporting Information,
Figure S7 and Scheme S1).

Ions that correspond to more than one HNE adducted to
N-acetyl-Gly-Lys-OMe were also observed. The ESI-TOF-MS
showed ions at m/z 572, 576, and 580 and m/z 728, 732, 736,
and 740 along with the fragments derived from dehydration of
these adducts (Figure 5A). The ESI-TOF-MS/MS of these
molecular ions generated prominent daughter ions from the loss
of water and HNE. MS/MS spectra corresponding to 2:1 adducts
with m/z 572, 576, and 580 (corresponding to M, M + 4, and
M + 8) and those of 3:1 [HNE:(N-acetyl-Gly-Lys-OMe)]
adducts at with m/z 728, 732, 736, and 740 (corresponding to
M, M + 4, M + 8, and M + 12) are shown in Figure 8 (also
see the Supporting Information, Figures S6 and S7).

Similar to the multiple HNE adducts of histidine, the
fragmentations of both the 3:1 and the 2:1 adducts 17 and 18
of HNE with N-acetyl-glycine lysine methyl ester can possibly
be explained by McLafferty rearrangements (see the Supporting
Information, Scheme 4) of parent ion structures corresponding
to two and three consecutive Michael additions, respectively.
Nevertheless, unambiguous structural assignment for these
adducts requires additional experiments, which are beyond the
scope of the present study.

Several peaks resulting from loss of multiple H2O (-18) are
also observed in the MS/MS spectra. This is a prominent feature
of these adducts. The intense peaks resulting from loss of water
from the lysine Michael adducts contrast with the relatively
minor peaks for dehydration of the Michael adducts of histidine.
The ε-amino group of the lysyl residue is expected to be
protonated. Bridging of a proton from this nitrogen to a hydroxyl

Figure 8. ESI-TOF-MS/MS analysis of molecular ions corresponding to 2:1 adduct with one HNE, one d4-HNE and one N-acetyl-Gly-Lys-OMe
(A) m/z 576 and 3:1 adduct corresponding to two HNE, one d4-HNE and one N-acetyl-Gly-Lys-OMe (B) m/z 728. For MS/MS corresponding to
other 2:1 and 3:1 adducts, see the Supporting Information.

Figure 9. Relative amounts of adducts formed by reaction of HNE with N-acetyl-Gly-Lys-OMe, N-acteyl-histidine, and N-acetyl cysteine calculated
using LC-ESI/SIM/MS. The vertical scale reflects the percentage of the each adduct present in the reaction mixture (with respect to the adducts
selectively monitored). Values are averages of two independent experiments, and the error bars indicate the range. Cross-link, lysine:HNE (2:1)
adducts.
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group can promote dehydration (see Scheme S2 in the Sup-
porting Information). In contrast, loss of a hydroxyl group from
the Michael adducts of histidine cannot be promoted by
hydrogen bonding with the protonated imidazole. The MS/MS
of 3:1 adduct at m/z 728, 732, 736, and 740 shows the presence
of water loss at m/z 710, 714, 718, and 722 and m/z 692, 696,
700, and 704. Similarly, the peaks generated by loss of water
by McLafferty rearrangement products 18, 19, 20, 21, and 22
of 17 are more intense than the peaks directly from McLafferty
rearrangement (see the Supporting Information, Figure S9).

The product mixture from reaction of HNE (d4:d0, 1:1) with
N-acetyl-Gly-Lys-OMe was separated by HPLC using a methanol/
water gradient, and the molecular ions (discussed above) were
monitored by LC-ESI/SIM/MS through 17 channels (see the
Supporting Information, Figure S10). The chromatograms of
adducts that differ only by the isotope content in the adducted
HNE (d0 or d4) had similar features (retention times of peaks).
Also, the complexity of the chromatogram peaks increases with
increasing complexity of the adducts formed.

HNE Adducts of N-Acetyl-cysteine. ESI-TOF-MS analysis
of a reaction between N-acetyl-cysteine and HNE (d4:d0, 1:1)
in PBS buffer at 37 °C for 24 h revealed the presence of several
multiple ion sets. The fragmentation of N-acetyl-cysteine was
obtained as reported earlier (38). Cysteine forms a dimer under
oxidative conditions through a disulfide bond (39). The molec-
ular ion at m/z 325, corresponding to the dimer of N-acetyl-
cysteine, generated daughter ions at m/z 307, 285, and 208 (see
the Supporting Information, Figure S11). The Michael adducts
of N-acetyl-cysteine with HNE (d0:d4, 1:1) have calculated
molecular masses of m/z 320 and m/z 324. Because both the
N-acetyl-cysteine dimer and the isotope-labeled (N-acetyl-
cysteine)-HNE Michael adduct have the same m/z, the MS/MS
spectra of (N-acetyl-cysteine)-HNE adduct ions are complicated.
However, the ions that correspond to the loss of water, that is,
m/z 302 and m/z 306, exhibit fragmentations without any
interference (see the Supporting Information, Figure S12). As
for the N-acetylhistidine Michael adduct of HNE, daughter ions
at m/z 139 and 143 correspond to the HNE moiety derived from
retro Michael cleavage of the adduct after loss of a molecule
of water. Similar fragmentation of a cysteine-HNE Michael
adduct was reported earlier using a deuterated cysteine (40).

The ESI-TOF-MS of the product mixture from the reaction
of HNE with N-acetyl-cysteine (Figure 5B) shows many peaks
that have the signature “multiplet” ions with m/z increments of
4 Da. The tandem MS/MS of these ions was recorded. The
doublet of ions at m/z 465 and 469 (Figure 5B) corresponds to
a cross-link between two molecules of N-acetyl-cysteine and
one of HNE (see the Supporting Information, Figure S13 and
Scheme S5). A “triplet” in the TIC at m/z 603, 607, and 611
(Figure 5B) corresponds to a cross-link formed between two
molecules of N-acetyl-cysteine and two molecules of HNE in
conjunction with loss two molecules of water (see the Support-
ing Information, Figure S14 and Scheme S6). Because only a
small number of MS/MS fragment ions were detected, unam-
biguous structure assignments for these adducts must await
further studies.

LC-ESI/SIM/MS analysis of the product mixture from the
reaction of HNE with N-acetyl-cysteine was selectively moni-
tored for most of the peaks that appear in the ESI-TOF-MS.
The ESI chromatogram shown in Figure 5B represents the
channels that have similar peak features for molecular ion sets
corresponding to an adduct (MH+) and its deuterium-labeled
isomer(s) (MH+ + 4 and/or MH+ + 8). For example, molecular
ions at m/z 603, 607, and 611 have peaks with the same features;

however, for the parent ions m/z 320 and 324 [(N-acetyl-
cysteine)-HNE Michael adduct], the peak features are different.
This difference may be due to interference from molecular ions
corresponding to (N-acetyl-cysteine)-(N-acetyl-cysteine) dimer
that also have m/z 324. So, the Michael adduct is monitored as
the MNa+ ion at m/z 342 and 346 (see the Supporting
Information, Figure S15).

Discussion

Lysine is an abundant amino acid (350 per LDL) in LDL.
Lysine residues play a critical role in the function of apoB-100
and are the major targets of oxidative modifications. “Reactive”
or available lysines in LDL are important for LDL binding to
the LDL receptor (41) and the scavenger receptor (42) and for
LDL modification. NMR spectroscopy of 13C-labeled LDL was
previously used to characterize the lysine residues in apoB-
100. Reductive methylation with [13C]formaldehyde converts
up to two-thirds of the total lysines to their dimethylamino
derivatives. This corresponds to 225 reactive lysines per LDL
particle, which includes 53 “active” lysines with pK 8.9 and
172 “normal” lysines with pK 10.5 that are exposed on the
surface of LDL. Another 132 lysines in the apoB-100 molecule
are buried and unavailable (41). The TNBS assay is widely
employed to determine the number of “active” lysine residues
in LDL. Thus, 317 ( 29 reactive amino groups were detected
in native LDL by TNBS assay (43).

It must be recognized that the number of reactive amino
groups in LDL determined by TNBS assay would also include
EPs because they can also react rapidly with TNBS to form the
trinitrophenyl-EP chromophore that has λmax ) 337 nm. TNBS
has been widely used as a nonpenetrating chemical probe to
identify amino phospholipids located on the external surface
of cells because of its rapid covalent binding to phosphatidyl
ethanolamine (PE) (44, 45). The time course of the reaction of
high-density lipoproteins (HDL) with TNBS shows two plateaus:
One occurs after 60-90 min of incubation, and the other occurs
at 15 h. It was presumed that TNBS reacts selectively with
accessible lysine residues on the surface of HDL accounting
for the first phase reaction (46). The second phase of the TNBS
reaction was presumed to involve less “reactive” amino residues
in HDL. The reaction of TNBS with amino phospholipids
arranged as a monolayer on the surface of the HDL reached a
plateau in only 10-20 min. There is no similar study on LDL.
However, it is known that PE is depleted by 84% (determined
by quantitative HPLC) in mildly oxidized LDL (30). Clearly,
the modification of EP significantly contributes to the total
amino residue modification of LDL. There are as many as 80
EPs per LDL, mainly PE (40%) and plasmenyl ethanolamine
(60%).

ApoB-100, the protein component of LDL, is a hydrophobic
protein, consisting of a single large polypeptide chain of 4536
amino acid residues with a molecular mass of 512 kDa. Unlike
HSA, apoB-100 interacts with the phospholipid shell of LDL
in such a way as to “organize” the surface monolayer (47). The
lipid-protein interaction might have important consequences
for the oxidation and modification behavior of LDL, and the
mechanism by which LDL is oxidized and modified (48).
Considering the total number of nucleophilic amino acid residues
(350 Lys, 115 His, and 25 Cys) plus 80 EP (41) that might
covalently react with HNE in LDL, the amount of HNE that
can form adducts with LDL, for example, 486 molecules of
per particle (Figure 3), is very high. This finding supports the
view that HNE modification of LDL is a complex process,
involving not only nucleophilic amino acid residues but also
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EPs. Although it is generally known that lysine ε-amino groups
are major targets of HNE binding, it is also capable of modifying
amino phospholipids in LDL (49). In fact, our TNBS studies
of LDL primary amino group modification showed that only
165-230 of total 350 lysines plus 80 EPs were modified. The
high estimate agrees well with the 225 reactive lysines detected
by reductive methylation. Uchida et al. (50) found that 50
histidines and 40 lysines were “lost” per LDL, determined by
amino acid analysis after reductive stabilization of HNE adducts
by treatment with NaBH4 and protein hydrolysis with 6 N HCl,
upon the incubation of LDL (1.0 g/mL) with HNE (1.0 mM)
for 2 h at 37 °C (30, 50). On the basis of these observations, it
seems likely that most histidines would be modified upon
treating LDL (0.5 mg/mL) with HNE (2 mM) for 48 h at 37
°C. Nevertheless, even assuming that all histidines and all
cysteines are reactive, at least 41 of a total 486 HNE bound
cannot be accounted for assuming only 1:1 adducts with all
“reactive” lysyl residues, all EPs, histidine,and cysteine residues
(Table 1). This suggests that some adducts can be generated
that incorporate more than one HNE molecule. This conclusion
is consistent with earlier model studies showing that the reaction
of HNE with equimolar quantities of primary amines generates
adducts that incorporate two (or more) equivalents of aldehyde
per amine molecule (16). However, it should be noted that the
amounts of HNE used in these studies are not typical of the
amounts that are generated in vivo. Nevertheless, such high
concentrations may be present in certain microdomains.

Adducts that incorporate multiple HNE molecules have not
been previously structurally characterized. Perhaps such adducts
are formed, but their lability confounds detection. We used mass
spectrometry in conjunction with isotope labeling to facilitate
structural characterization of these adducts. d4-HNE, with
deuterium in the inert C8 and C9 positions, was considered
optimal for this purpose and was synthesized for these studies.
The reaction of HNE (d4:d0, 1:1) with R-N-acyl amino acids
generates products with “multiplet” (see the Supporting Infor-
mation, pp S2-S4, for an explanation of this concept) peaks in
the mass spectrum that are characteristic of the number of HNE
molecules present in a particular adduct. This approach provides
an analytical tool for identification of adducts that are labile
under harsh conditions and/or present in low abundance.

The 1:1 adducts that were described previously (51) were
characterized by MS/MS as reference standards for deciphering
the fragmentation patterns of previously unknown adducts. By
examining the reaction of N-acetyl histidine with a 1:1 mixture
of HNE and d4-HNE and structural characterization using a mass
spectrometer, we detected adducts that correspond to multiple
HNE adducted N-acetyl histidines. Similar multiple adducts were
also detected using N-acetyl-glycine lysine methyl ester and
N-acetyl cysteine. These results corroborate the conclusion of
quantitative experiments using tritium-labeled HNE that showed
a greater than 1:1 stoichiometric capacity of LDL to bind HNE.

In addition to the quantitative conclusions enabled by the use
of tritium-labeled HNE, the deuterium-labeled HNE experiments
allowed a relative quantification of various adducts that are
formed from lysine, cysteine, and histidine. Ion chromatograms
were obtained by monitoring the masses corresponding to
various adducts, and the areas of peaks corresponding to each
adduct were measured using MassLynx software. For N-acetyl-
lysine-glycine methyl ester, the relative amount of 2:1 and 3:1
HNE/N-acetyl-Gly-Lys-OMe adducts was about 18%. The 1:1
adducts (Michael, Schiff base, and pyrrole adduct) accounted
for about 78% of the total and the 1:2 cross-link comprised
about 1% of the total adducts monitored (Figure 9). In the case
of N-acetyl histidine, the 1:1 Michael adduct accounts for about
70% of the adducts monitored, while the 2:1 and 3:1 HNE/N-
acetyl-His adducts account for 25 and 6%, respectively (Figure 9).
In the case of N-acetyl cysteine, the 1:1 Michael adduct (∼50%)
was the predominant product, while 1:2 and 2:2 adducts were
also major products, that is, ∼30 and ∼5%, respectively
(Figure 9).

Conclusions

Using tritium-labeled HNE to quantitate the amount of HNE
that binds with LDL, we showed that more HNE binds than
can be accounted for by 1:1 adduction with all of the nucleo-
philic protein residues and amino phospholipids. In a model
study, we detected and characterized the formation of 2:1 and
3:1 adducts of HNE with histidyl and lysyl nucleophiles using
a 1:1 mixture of deuterium-labeled HNE and unlabeled HNE.
Adducts formed with HNE give rise to apparent “multiplets”
that are indicative of the number of HNE moieties present in
each adduct. The tandem mass spectra of each of the adducts
gave sets of unique daughter ions. This method is valuable for
detecting and characterizing different types of adducts that are
formed under mild conditions, including some present in low
abundances. In addition to adduct types reported earlier from
the reactions of lysine or histidine with HNE, the present studies
with isotope-labeled HNE revealed adducts that incorporate
multiple HNE molecules adducted with a single lysine or
histidine residue. Our structural characterization of these adducts
revealed that they are products of domino-like reactions of initial
1:1 HNE Michael adducts of histidyl (Scheme 4) or lysyl
nucleophiles with multiple additional HNE molecules to form
2:1 and 3:1 adducts.

Although high concentrations of HNE might only be possible
in certain microdomains in situ, for example, oxidized LDL
particles, identification of such multiple HNE adducts may help
in attaining a complete understanding of HNE’s role in
physiological processes. Furthermore, LDL can act as a magnet
that attracts multiple molecules of HNE over time. The multiple
HNE-amine adducts discussed here may constitute an initial
response of proteins toward high levels of HNE. These multiple
HNE adducts may rearrange to form other toxic products, or
by corollary, this could be one of the in vivo homeostatic

Table 1. Nucleophilic Functional Groups in LDL

residue total reactive

lysine ε-NH2 350 225a

EPs 80 80
histidine 115 115 (maximum)
cysteine 25 25 (maximum)
total 570 445

a TNBS reactive amino groups are 317 ( 29 and include all
“reactive” (toward both TNBS and formaldehyde) lysines and all EPs or
approximately 225 + 80 ) 305. Maximum possible values are indicated
since the number of “reactive” histidine and cysteine residues is
unknown (41).

Scheme 4. Domino-Like Multiple Michael Adduction of HNE
with N-Acetyl-histidine
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mechanisms to detoxify lipid oxidation products by effectively
quenching HNE’s reactivity.
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