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We developed a procedure to measure 4-hydroxy-2-nonenal (HNE)-amino acid adducts using the fluorescent
probe 2-aminopyridine (2-AP). The method is based on the fact that HNE forms Michael addition-type amino
acid adducts possessing an aldehyde functionality, which upon reaction with 2-AP in the presence of
NaBH5CN can be converted to their pyridylaminated derivatives. The HNE-amino acid adducts, namely

Michael addition-type HNE-cysteine, HNE-histidine, and HNE-lysine adducts, after pyridylamination were
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resistant to conventional acid-hydrolysis conditions for protein (6 N HCI/110 °C/24 h) and could be detected
by HPLC with a fluorescence detector. The reductive amination-based fluorescent labeling of HNE adducts is a
simple and accurate technique that may be widely used to reveal increased levels of covalently modified
proteins with HNE and its related aldehydes during aging and disease.

© 2011 Elsevier Inc. All rights reserved.

Several lines of evidence indicate that oxidative modification of
proteins and the subsequent accumulation of the modified proteins
have been found in cells during aging, under oxidative stress, and in
various pathological states including premature diseases, muscular
dystrophy, rheumatoid arthritis, and atherosclerosis [1,2]. The
important agents that give rise to the modification of a protein may
be represented by reactive aldehydic intermediates, such as ketoal-
dehydes, 2-alkenals, and 4-hydroxy-2-alkenals [3]. These reactive
aldehydes are considered important mediators of cell damage because
of their ability to covalently modify biomolecules, which can disrupt
important cellular functions and can cause mutations [4,5]. Further-
more, the adduction of aldehydes to apolipoprotein B in low-density
lipoproteins (LDLs)! has been strongly implicated in the mechanism
by which LDL is converted to an atherogenic form that is taken up by
macrophages, leading to the formation of foam cells [6,7]. 4-Hydroxy-
2-nonenal (HNE), among the reactive aldehydes, is a major product of
lipid peroxidation and is believed to be largely responsible for the
cytopathological effects observed during oxidative stress [4,5]. HNE
exerts these effects because of its facile reactivity with biological
materials, including proteins [4,5]. The protein-bound HNE has been
shown to serve as one of the most useful biomarkers for the
occurrence of oxidative stress/lipid peroxidation [5]. Upon reaction
with protein, HNE specifically reacts with nucleophilic amino acids,
such as cysteine, histidine, and lysine, to form their Michael addition
adducts possessing a carbonyl functionality.

Abbreviations: 2-AP, 2-aminopyridine; BSA, bovine serum albumin; HNE, 4-
hydroxy-2-nonenal; LDL, low-density lipoprotein.
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Among a wide variety of protein modifications, introduction of
carbonyl groups into amino acid residues is a hallmark of oxidative
damage to proteins [8,9]. Carbonyl groups are introduced into
proteins by a variety of modification pathways in vivo and in vitro,
particularly metal-catalyzed oxidation of specific amino acid residues
[10-12] and also adduction of lipid peroxidation-derived aldehydes
[5,13-16] or carbohydrates (i.e., the Maillard reaction or glycation)
[17]. Carbonyl derivatives can be measured by convenient methods
using 2,4-dinitrophenylhydrazine, which reacts with carbonyl groups
to generate dinitrophenylhydrazones with characteristic absorbance
maxima at 360-390 nm [18]. Using these methods, it has been
confirmed that carbonyl derivatives accumulate on tissue proteins
during aging and disease development such as Alzheimer disease
[19,20], rheumatoid arthritis [21], amyotrophic lateral sclerosis [22],
diabetes mellitus [23], and Parkinson disease [20]. Nevertheless, the
methods are unfortunately limited to measuring total carbonyl
derivatives formed by various nonspecific pathways, and information
on chemical structures and formation mechanisms is barely provided.
Therefore, more specific methods for the determination of carbonyl
derivatives are required to understand the chemical nature, oxidation
pathway, and distribution level in vivo.

Principles

To analyze HNE-amino acid adducts in proteins, we adapted a
reductive amination-based pyridylamination using 2-aminopyridine
(2-AP) and sodium cyanoborohydride (NaBH5CN; Fig. 1). This method
was originally developed for detection of reducing sugars [24]. Our
strategy for the fluorescent labeling of protein-bound HNE is
illustrated in Fig. 2. The method is based on the fact that HNE forms
Michael addition adducts possessing an aldehyde functionality, which
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Fig. 1. Pyridylamination of protein-bound aldehydes.

upon reaction with 2-AP in the presence of NaBH3CN can be converted
to the pyridylaminated derivatives. They are supposed to be very
stable because of their resonance, which lowers the potential energy
of the substance and thus makes it more stable than any of the
contributing structures. Thus, it was anticipated that the HNE-amino
acid adducts after pyridylamination must be resistant against acid-
hydrolysis conditions (6 N HCI/110 °C/24 h).

Materials

Sodium cyanoborohydride (Cat. No. 15,615-9), N*-acetylcysteine
(Cat. No. 7250), and N%-acetyllysine (Cat. No. A2010) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). N*-acetylhistidine (Cat. No.
100092) was obtained from MP Biomedicals. Sequence grade modified
trypsin (Cat. No. V5111) was obtained from Promega (Madison, WI,
USA). 2-Aminopyridine (Cat. No. 011-14181), bovine serum albumin
(BSA; Cat. No. 017-15141), dithiothreitol (Cat. No. 045-08974), and
iodoacetoamide (Cat. No. 093-02152) were obtained from Wako Pure
Chemical Industries (Osaka, Japan). The stock solutions of HNE were
prepared by the acid treatment (1 mM HCl) of 4-hydroxy-2-nonenal
dimethylacetal, which was synthesized according to the procedure of De
Montarby et al. [25].
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Fig. 2. Strategy for the fluorescent labeling of HNE-amino acid adducts in proteins.

Instrumentation

The quantitative analyses were performed using a Jasco HPLC
system (Jasco, Tokyo, Japan) that consisted of a PU2080 pump and an
FP-1520S fluorescence detector.

Protocol
Preparation of authentic HNE adducts

The reaction mixture (10 ml) containing 20 mM N%-acetyl de-
rivatives of cysteine, histidine, or lysine was incubated with 20 mM
HNE in 50 mM sodium phosphate buffer (pH 7.2). After incubation for
24 h at 37 °C, the Michael addition-type HNE adducts were purified by
reversed-phase HPLC on a Develosil ODS-HG-5 column (4.6 x 250 mm
i.d.; Nomura Chemicals, Aichi, Japan): HNE-N®-acetylhistidine and
HNE-N“-acetylcysteine were eluted with 25% acetonitrile in 0.1%
trifluoroacetic acid, and HNE-N®-acetyllysine was eluted with 20%
(vol/vol) acetonitrile in 0.1% trifluoroacetic acid at a flow rate of
2.5 ml/min. The elution profiles were monitored by absorbance at
220 nm. The products eluted between the starting materials (N*-
acetyl amino acids and HNE) are considered to be the HNE adducts,
which can be entirely collected and used as the authentic HNE
Michael adducts.

Note. Because of the introduction of new chiral centers at C-2, C-4,
and C-5, the Michael addition-type HNE adducts composed of at least
eight configurational isomers may give multiple peaks on the HPLC
analysis [26,27]. The HNE-lysine Michael adduct is predominantly
produced in the presence of a large excess of lysine over HNE.
However, the non-Michael adducts, such as the pyrrole adduct [28],
Schiff base Michael adduct 1:2 cross-links [29], and 3-hydroxy-3-
imino-1,2-dihydropyrrole derivative [30,31], could also be generated.
Therefore, before the isolation by HPLC, we recommend the use of LC—
MS to identify the Michael adduct.

Pyridylamination of authentic HNE adducts

The authentic HNE adducts (1 mM) were evaporated to dryness in
vacuo and treated with 5 ul of 450 mM 2-AP dissolved in 0.42 N HCl
and 2 pl of 315 mM NaBH3CN, and the mixture was allowed to react at
37 °C for 24 h in the dark. The pyridylaminated HNE-N-acetylcysteine
adducts were hydrolyzed in vacuo with 6 N HCI for 24 h at 110 °C.
The hydrolysate was evaporated to dryness at room temperature in
vacuo followed by reconstitution in 200 pl of distilled water. The
hydrolysates were then analyzed by reverse-phase HPLC.

Pyridylamination of HNE adducts in protein samples

The protein samples were dialyzed at 4 °C using a microdialysis
cassette (e.g., Slide-A-Lyzer; Pierce, Rockford, IL, USA) or an ultrafiltra-
tion device (e.g., Microcon YM; Millipore, Bedford, MA, USA). The
dialysis was continued with at least three changes in phosphate-
buffered saline containing 1 mM diethylenetriaminepentaacetic acid.
After the protein concentration was measured using a commercial Kit,
180 pl of the protein solution was transferred to a vial. Ten microliters of
6.8 M 2-AP dissolved in 6 N HCl and 10 pl of 315 mM NaBH;3CN were
added to the protein sample and the mixture was allowed to react for
24 hat 37 °Cwith shaking in the dark. After the reaction, the protein was
precipitated by the addition of 200 pl of cold 20% (wt/vol) trichloroacetic
acid (TCA). After standing for 30 min in an ice bath, the mixture was
centrifuged at 17,000g for 15min at 4°C, and the pellet of the
precipitated protein was separated. The pellet was washed twice with
0.5 ml of cold 20% (wt/vol) TCA and 0.5 ml of cold acetone and then
centrifuged as before. After the pellet was allowed to air dry, the
resulting protein was hydrolyzed for 24 h at 110 °C with 1.5 ml of 6 M
HCI. The hydrolysate was evaporated to dryness at room temperature in
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Fig. 3. HPLC analysis of the pyridylaminated HNE adducts. (A) The structure of
pyridylaminated HNE adducts. R, cysteine, histidine, or lysine residue. (B) Detection of
the pyridylaminated HNE adducts. The authentic HNE adducts of N-acetylhistidine, N-
acetylcysteine, and N-acetyllysine were pyridylaminated with 2-AP/NaBH5CN followed
by the acid hydrolysis. The hydrolysates were then analyzed by reverse-phase HPLC.

vacuo followed by reconstitution in 200 pl of distilled water containing
0.1% TFA. The hydrolysates were then analyzed by reverse-phase HPLC.

HPLC analysis of pyridylaminated HNE adducts

The hydrolysates of the pyridylaminated samples were analyzed by
reverse-phase HPLC on a Sunniest C18 column (4.6x250 mm id.;
ChromaNik, Japan). The samples were eluted with a gradient of water
containing 0.1% trifluoroacetic acid (solvent A) and acetonitrile containing
0.1% trifluoroacetic acid (solvent B) (0-40 min at 95-60% A, 40-45 min at
60-0% A), at a flow rate of 0.8 ml/min. The elution profiles were
monitored by absorbance at 230 nm and by fluorescence intensity (ex.
315 nm, em. 380 nm). The pyridylaminated HNE adducts were identified
by comparing the elution times to those of the authentic samples. The next
sample was injected when the baseline was restabilized.

Calculations and expected results

Various methods for determination of lipid peroxidation-derived
products have been developed. A colorimetric assay using 2-
thiobarbituric acid for detection of malondialdehyde is probably the
easiest way of evaluating lipid peroxidation. A highly sensitive and
selective liquid chromatography assay has also been recently utilized
to accurately estimate the biological levels of malondialdehyde in UV-
treated human plasma [32]. An alternative and probably more popular
approach for the detection of lipid peroxidation products in biological
samples is the use of antibodies. Antibodies are usually raised by

immunizing animals with carrier proteins, such as keyhole limpet
hemocyanin, that had been treated with lipid peroxidation products
and target specific antigenic structures (lipid peroxidation-specific
epitopes) generated on the amino acid side chains of proteins. Taking
advantage of the fact that the lipid peroxidation-specific epitopes are
excellent immunogens that are capable of stimulating an adaptive
immune response, a number of monoclonal antibodies against these
epitopes have been developed. Because excellent antibodies directed
against the HNE-histidine epitopes are commercially available,
Western blot, dot blot, immunocytochemical, and ELISA techniques
are accessible.

On the other hand, because of the lack of specific and reliable
methods for the determination of HNE adducts, very few studies have
so far quantitatively demonstrated their formation in proteins. To
quantitatively analyze HNE adducts generated in proteins, we
adapted a reductive amination-based approach. The treatment of
the authentic HNE adducts with 2-AP/NaBHsCN followed by acid
hydrolysis gave the fluorescent products corresponding to their
pyridylaminated derivatives (Fig. 3). Under the HPLC conditions
used, three of the pyridylaminated HNE adducts, namely HNE-
cysteine, HNE-histidine, and HNE-lysine, were separately detected.
Multiplicity of the pyridylaminated HNE-cysteine and HNE-histidine
adducts is due to the presence of their closely related forms
(configurational isomers). Stoichiometry between the concentrations
of HNE-N®-acetylhistidine adducts used for the derivatization and the
increase in peak area of the products showed a linear correlation (data
not shown). Using this pyridylamination method, we have previously
detected the HNE-cysteine adducts in sulfhydryl proteins, such as
thioredoxin, exposed to HNE [28]. To further evaluate the formation of
the HNE amino acid adducts, six proteins, including BSA, enolase,
lysozyme, GAPDH, angiotensin, and lactoglobulin, were incubated
with 1 mM HNE for 24 h at 37 °C and the HNE adducts were analyzed
by the pyridylamination method. Of interest, in all the proteins tested,
the HNE-histidine adducts were detected as the major products
(Fig. 4A). The yield of the HNE-histidine adducts in the HNE-modified
BSA excelled all the others (Fig. 4B). The concentration of the HNE-
histidine adducts reached about eight molecules per protein (BSA)
molecule, which accounted for about 50% of the histidine residues that
had disappeared. The reactivity of BSA toward HNE, generating the
highest yield of HNE-histidine adducts, may be due to its binding property
with an extraordinarily diverse range of hydrophobic compounds.
Moreover, when we analyzed the HNE adducts in Cu®>*-oxidized LDL,
the HNE-histidine adduct was also detected as the major product (Fig. 5),
whereas other HNE-derived Michael adducts, including HNE-lysine and
HNE-cysteine adducts, and 2-alkenal-derived Michael adducts were
barely detected in the oxidized LDL. The reductive amination method
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Fig. 4. Detection of HNE adducts in proteins. The proteins were incubated with 1 mM HNE for 24 h at 37 °C and the HNE adducts were analyzed by the pyridylamination method.
(A) HPLC analysis of HNE adducts in proteins treated with HNE. (B) Quantification of HNE-histidine adducts in proteins treated with HNE.
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Fig. 5. Detection of HNE-histidine adducts in oxidized LDL. LDLs incubated with or
without CuSO4 (5 uM) for 24 h at 37 °C were analyzed by the pyridylamination method.

could also be utilized for detection of HNE adducts in biological samples,
for which combination with liquid chromatography-mass spectrometry
may be essential. On the other hand, the reductive amination-based
fluorescence labeling method can be used for gel-based analysis of protein
carbonyls. Our preliminary experiments have shown that the reductive
amination of HNE-modified proteins with an appropriate fluorescent
probe resulted in the appearance of labeled protein bands in SDS-PAGE
(C. Wakita and K. Uchida, unpublished data). Thus, this reductive
amination-based method may form the basis for the detection and
identification of target proteins possessing an aldehydic functionality by
two-dimensional gel electrophoresis-based proteomics.
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