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ABSTRACT The peroxidation of polyunsaturated fatty
acids leads to numerous products, including 4-hydroxynonenal
(HNE). That 4-hydroxy-2-alkenal compounds react with sulf-
hydryl groups of proteins to form thioether adducts possessing
a carbonyl function has been established [Schauenstein, E. &
Esterbauer, H. (1979) Ciba Found. Symp. 67, 225-244]. Tak-
ing advantage of the fact that Raney nickel catalyzes cleavage
of thioether bonds, we have developed a procedure to quanti-
tate the amount of EINE moiety bound to protein by means of
a thioether linkage. Adducts ofHNE with N-acetylcysteine and
glutathione were prepared, labeled with NaB[3H]H4, and then
treated with Raney nickel. The 3H-labeled product was recov-
ered in 85-90% yield from both HNE-N-acetylcysteine and
HNE-glutathione adducts in a solvent [10% (vol/vol) metha-
nol/chloroform]-extractable form. Treatment of proteins with
HNE led to the disappearance of protein sulfhydryl groups.
However, <10% of the labeled adducts obtained after subse-
quent reduction with NaB[3HJH4 could be released in a solvent-
extractable form upon treatment with Raney nickel. This and
the observation that HNE reacts with proteins lacking a
sulfhydryl group attests to the fact that HNE can react with
amino acid residues other than cysteinyl residues.

Lipid peroxidation has been associated with important patho-
physiological events in a variety of diseases, drug toxicities,
and traumatic or ischemic injuries. Esterbauer and his col-
leagues (1-8) suggest that this toxicity is largely attributable
to a,43-unsaturated aldehydes that are produced during lipid
peroxidation. In particular, 4-hydroxynonenal (HNE) is a
major product of lipid peroxidation and is believed to be
mainly responsible for the observed cytopathological effects,
which include: the inactivation of enzymes (1); lysis of
erythrocytes (3); chemotactic activity of neutrophils (4); and
the inhibition of protein and DNA synthesis (5). The cyto-
toxic effect of 4-hydroxy-2-alkenals is due, in part, to their
facile reaction with sulfhydryl groups to form thioether
adducts via a Michael addition mechanism (9-11). Because
these protein thioethers contain a reactive aldehydic func-
tion, their derivatization with 2,4-dinitrophenylhydrazine has
been used as a measure of protein-bound alkenals (1). How-
ever, protein carbonyl groups are also formed in the metal-
catalyzed oxidation of side chains of amino acid residues
(12-15), in the oxidative cleavage of proteins by a-amido
transfer mechanisms (16), and in the glycation of proteins
(17). Because the generation of protein carbonyl groups is
associated with a number of pathological conditions (18-21),
methods are needed to differentiate between various modes
of carbonyl-group formation, to assess the contributions of a
given mode to a particular disease state. To this end, we
describe here a method for the detection and quantitation of
carbonyl groups associated with the conjugation of protein

sulfhydryl groups with lipid-peroxidation products. This
method takes advantage of the fact that the lipid-derived
carbonyl adducts can be reduced to stable radioactive deriv-
atives by reduction with NaB[3H]H4 and that the labeled
adduct can be released in an organic solvent extractable form
by cleavage of the thioether linkage upon treatment with
Raney nickel (22-25).

MATERIALS AND METHODS
Materials. A stock solution of trans-4-hydroxy-2-nonenal

was prepared by the acid treatment (1 mM HCI) of HNE
diethylacetal, which was provided by H. Esterbauer (Uni-
versity of Graz, Austria). Concentration of the HNE stock
solution was determined from the molar extinction coeffi-
cient ofHNE at 224 nm (9). Purity of the stock solution was
also assessed by reverse-phase HPLC. 3H-labeled sodium
borotetrahydride (5-15 Ci/mmol; 1 Ci = 37 GBq) was ob-
tained from DuPont/New England Nuclear. The Raney nick-
el-activated catalyst, L-cysteine, N-acetylcysteine, glu-
tathione (GSH) (reduced form), bovine serum albumin, and
Leuconostoc mesenteroides glucose-6-phosphate dehydro-
genase were obtained from Sigma. Rabbit muscle glyceral-
dehyde-3-phosphate dehydrogenase was obtained from Cal-
biochem. Escherichia coli glutamine synthetase was pre-
pared as described (26, 27). Raney nickel was rinsed
thoroughly with water and ethanol before use.
HPLC. Reverse-phase HPLC was done on a Hewlett-

Packard model 1090 chromatograph equipped with a Hew-
lett-Packard model 1040A diode-array UV detector. Forma-
tion of product was detected by HPLC, using an Apex
octadecyl 5U column (0.46 x 15 cm). Separation was
achieved by eluting with a linear gradient, in which the
fraction of 0.05% trifluoroacetic acid solution was varied
from 100 to 0o and the fraction of acetonitrile (vol/vol) was
varied from 0 to 100% over a period of0-20 min at a flow rate
of 1 ml/min. The elution profiles were monitored by absor-
bance at 210 nm.

Reaction ofN-Acetylcysteine and GSH with HNE. The HNE
adducts of N-acetylcysteine and GSH were prepared by
incubating 2 mM N-acetylcysteine or GSH with 2 mM HNE
in 1 ml of 50 mM sodium phosphate buffer, pH 7.2, at 370C
for 2 hr. Formation of HNE-N-acetylcysteine and HNE-
GSH adducts was determined by reverse-phase HPLC. The
adducts were chemically characterized by mass spectromet-
ric analyses with a californium-252 plasma desorption mass
spectrometer. Quasimolecular ions, 342 (M+Na)+, 345
(M+Na+2H)+, and 364 (M+2Na-H)+, were observed from
the HNE-N-acetylcysteine adducts, and 486 (M+Na)+ and
508 (M+2Na-H)+ were observed from the HNE-GSH ad-
duct.

Abbreviations: HNE, 4-hydroxynonenal; GSH, glutathione.
*To whom reprint requests should be addressed at: National Insti-
tutes of Health, 9000 Rockville Pike, Building 3, Room 222,
Bethesda, MD 20892.
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Reduction of HNE Adducts of N-Acetylcysteine and GSH.
After a 2-hr incubation, the reaction mixtures (400 1ul) con-
taining 2 mM of the HNE adduct of either N-acetylcysteine
or GSH were incubated with 40 gl of 10 mM EDTA, 40 .ul of
1 M NaOH, and 40 .ul of 100 mM NaBH4 in 0.1 M NaOH.
After 1 hr at 370C, the remaining borohydride was decom-
posed by adding 200 1.l of 1 M HCI, and the samples reduced
with NaBH4 were concentrated by vacuum centrifugation
(Savant Speed-Vac), resuspended in water, and samples
were applied to reverse-phase HPLC. Reduced samples of
HNE-N-acetylcysteine gave quasimolecular ions, 344
(M+Na)+ and 366 (M+2Na-H)+, and HNE-GSH gave 488
(M+Na)+ and 510 (M+2Na-H)+ in mass spectrometry.

Cleavage of 3H-Labeled HNE Adducts of N-Acetylcysteine
and GSH by Raney Nickel. After reduction with NaB[3H]H4
as described above, the samples were loaded on a Sep-Pak
C-18 cartridge (Waters) and eluted with 5 ml of water and 5
ml of methanol. The methanol fraction was concentrated by
vacuum centrifugation and resuspended in 200 ,ul of metha-
nol; a sample was then applied to reverse-phase HPLC.
One-milliliter fractions were collected, and the amount of 3H
incorporation in each fraction was monitored by scintillation
counting. The fractions that contained the 3H-labeled prod-
ucts were collected and evaporated under nitrogen.
The 3H-labeled samples were solubilized in 500 pul of the

guanidine hydrochloride solution, which contained 8 M gua-
nidine hydrochloride, 13 mM EDTA, and 133 mM Tris, pH
7.2. Fifty-microliter aliquots of solubilized samples were
added to reaction mixtures containing Raney nickel (400 mg)
in 350 ,ul of the guanidine hydrochloride solution. After 15 hr
at 55°C, the reaction mixtures were extracted twice with 500
,ul of chloroform/methanol, 9:1, and dried with sodium
sulfate. Then 50 ,ul of extract was added to 5 ml of Aquasol
scintillation fluid (DuPont/New England Nuclear), and the
radioactivity in this mixture was counted to measure the
amount of released labeled product. Control samples re-
ceived no catalyst.
One-hundred microliters of the chloroform/methanol ex-

tracts was also evaporated under nitrogen and resuspended in
100 ,ul of methanol; a sample was then applied to reverse-
phase HPLC. One-milliliter fractions were collected, and
100-,tl samples were subsequently used to determine the
amount of radioactivity released in each fraction.

Reaction of Proteins with HNE Followed by 3H-Labeling and
Raney Nickel Treatment. One milligram of the protein sub-
strate (either glyceraldehyde-3-phosphate dehydrogenase,
glutamine synthetase, bovine serum albumin, or glucose-6-
phosphate dehydrogenase) was incubated with 2mM HNE in
1 ml of 50 mM sodium phosphate buffer, pH 7.2. After 2 hr
at 37°C, 400 jul of the reaction mixture was treated with 10%o
trichloroacetic acid (wt/vol, final concentration). The protein
precipitate was collected by centrifugation (11,000 X g, 3
min) and was dissolved in 400 pul of the guanidine hydrochlo-
ride solution. The solutions were mixed with 0.1 M EDTA (40
,1l) and 1 M NaOH (40 ,ul) in a 1.5-ml Sarstedt tube fitted with
0 ring and a cap. Forty microliters of 0.1 M NaB[3H]H4 in 0.1
M NaOH was added to each protein mixture. After incuba-
tion for 1 hr at 37°C, 100 ,ul of 1 M HCI was added, and then
the mixture was applied to a PD-10 column (Sephadex G-25),
equilibrated in 6 M guanidine hydrochloride, to separate the
3H-labeled protein from radioactive contaminants. The
amount of protein recovered was determined by using the
molar extinction coefficients of 10.2 at 278 nm for glyceral-
dehyde-3-phosphate dehydrogenase, 3.87 at 290 nm for glu-
tamine synthetase, 66 at 280 nm for bovine serum albumin,
and 11.5 at 280 nm for glucose-6-phosphate dehydrogenase.
3H-Labeled proteins were treated with Raney nickel as

described in the previous section. The released products from
the HNE-modified glyceraldehyde-3-phosphate dehydroge-
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FIG. 1. Experimental scheme to determine HNE covalently
attached to protein sulfhydryl groups by means ofa thioether linkage.
*, Tritium-labeled sites.

nase were analyzed by HPLC by using the same procedures
as those from HNE-N-acetylcysteine and -GSH adducts.

Reduction ofHNE with NaB(3HH4. HNE (2 mM) in 50mM
sodium phosphate buffer, pH 7.2, was treated with 40 1.l of
100 mM NaB[3H]H4 for 1 hr at 370C. The reaction was
terminated by adding 100 p.l of 1 M HCI. The products were
analyzed by HPLC with the same procedures as those from
HNE-N-acetylcysteine and -GSH adducts.

RESULTS

3H-Labeling ofHNE Adducts of N-Acetylcysteine and GSH.
Our strategy for estimating the amount of thioether adducts
formed by the reaction of HNE with protein sulfhydryl
groups is illustrated in Fig. 1. The method is based on the fact
that the thioether adducts possess a carbonyl group (Fig. 1,
adducts 1 and 2), which upon reduction with NaB[3H]H4 is
converted to the 3H-labeled dihydroxy derivative (adduct 3).
Desulfurization of adduct 3 by treatment with Raney nickel
releases the labeled dihydroxy moiety, which after extraction
into an organic solvent (10% methanol/90% CHCI3) can be
measured.
To test the validity of this procedure, the thioether adducts

of N-acetylcysteine and GSH with HNE were prepared
(9-11, 28). We confirmed that the reaction with HNE leads
to complete loss of sulfhydryl groups. When these reaction
mixtures were fractionated by HPLC, a number of products
were detected (Figs. 2 and 3). Although these products have
not been characterized definitely, they presumably represent
thioether derivatives (Fig. 1, adducts 1 and 2), and for GSH,
perhaps also the Schiff base derivative resulting from the
interaction of the aldehyde moiety ofHNE with the a-amino
nitrogen of the glutamyl residue (see Discussion). After
treatment of the reaction mixtures with NaBH4, the elution
profiles of the products markedly changed, due probably to
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FIG. 2. HPLC profiles of HNE-N-acetylcysteine adducts before
---) and after ( ) reduction with NaBH4. N-acetylcysteine (2
mM) was incubated with 2 mM HNE in 1 ml of 50 mM sodium
phosphate buffer, pH 7.2, for 2 hr at 37°C. A 100-11 sample of the
mixture was then treated with 10 mM EDTA (10 ,ul) and 0.1 M NaOH
(10 ,ju) for 1 hr at 37°C with or without 100 mM NaBH4 (10 Al).
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FIG. 3. HPLC profiles of HNE-GSH adducts before (---) and
after(-) reduction with NaBH4. GSH (2 mM) was incubated with
2 mM HNE in 1 ml of 50 mM sodium phosphate buffer, pH 7.2, for
2 hr at 37°C. A 100-,l sample of the mixture was then treated with
10 ,ul each of 10 mM EDTA and 0.1 M NaOH for 1 hr at 37°C with
and without 10 ,ul of 100 mM NaBH4.

their reduction to the corresponding alcohols and secondary
amines. As noted in Materials and Methods, the mass
spectrometric analyses of the N-acetylcysteine and GSH
derivatives are consistent with the anticipated thioether
structures. This conclusion is supported by the absence ofthe
characteristic UV absorption spectrum of HNE, which
would accompany addition of the sulfhydryl groups to the
2,3-double bond via a Michael-type mechanism.
Raney Nickel Treatment ofHNE Adducts with N-Acetylcys-

teine and GSH. To determine whether the thioether linkage of
HNE adducts ofN-acetylcysteine and GSH could be cleaved
by Raney nickel, the aldehyde group of their adducts were
first reduced to their corresponding labeled hydroxy deriv-
atives by treatment with NaB[3H]H4 as described in Mate-
rials and Methods. The labeled alcohols were then treated
with Raney nickel. Fig. 4 shows that upon treatment with
Raney nickel, >85% of the radiolabel was present in a form
readily extractable into a chloroform/methanol (vol/vol),
9:1, solvent mixture. Before Raney nickel treatment, only 1
and 25% ofthe radioactivity in the N-acetylcysteine and GSH
adducts, respectively, could be extracted by the solvent.
Therefore, the Raney nickel treatment obviously resulted in
cleavage of the thioether bond. The small amount (25%) of
solvent-extractable radioactivity present in the HNE-GSH
derivative before Raney nickel treatment has not been pos-
itively identified. However, the reduced forms of free HNE
(i.e., 1,4-dihydroxynonane) and its GSH adduct coelute in the
chromatographic system used for isolating the GSH adduct.
Therefore, the solvent-extractable radioactivity present in
the GSH adduct before Raney nickel treatment could reflect
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FIG. 4. Recovery of radioactivity from 3H-labeled HNE adducts
of N-acetylcysteine (NAC) and GSH after treatment with Raney
nickel. HNE adducts ofN-acetylcysteine and GSH were treated with
NaB[3H]H4 and then incubated in 8 M guanidine hydrochloride/133
mM Tris/13 mM EDTA solution for 20 hr at 55°C with (shaded bars)
and without Raney nickel (open bars). Reaction mixtures were
extracted twice with 500 ,ul of chloroform/methanol, 9:1, and dried
with sodium sulfate; then 50 ,ul of extracts was added to 5 ml of
Aquasol scintillation fluid to measure the amount of released radio-
activity.
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FIG. 5. HPLC fractionation ofreleased products from 3H-labeled
products of HNE-N-acetylcysteine (A), HNE-GSH (B) adducts, and
glyceraldehyde-3-phosphate dehydrogenase modified with HNE
(C).

contamination of the adduct preparation with radiolabeled
1,4-dihydroxynonane or other reduced forms ofHNE. When
the chloroform/methanol extracts of the Raney nickel-
treated N-acetylcysteine and GSH adducts were fractionated
by the HPLC technique, samples contained a single major
radioactive component-probably 1,4-dihydroxynonane,
with a retention time of 11.5 min (Fig. 5A and B). A reference
sample prepared by the reduction of HNE with NaB[3H]H4
has the same retention time, thus providing support for the
assumption that the Raney nickel cleavage product is 1,4-
dihydroxynonane. Thus, it is evident that the above proce-
dure, involving the 3H-labeling of the thioether adducts
followed by solvent extraction of the radioactive Raney
nickel cleavage product, can determine the fraction of the
total carbonyl content of a protein due to the conjugation of
lipid-derived ac3-unsaturated aldehydes with protein thiol
groups.

3H-Labeling of HNE-Modified Proteins Followed by Raney
Nickel Treatment. Four proteins that vary with respect to
number and reactivity of sulfhydryl groups per subunit were
tested for their ability to form Raney nickel-cleavable con-
jugates with HNE. Table 1 shows that glyceraldehyde-3-
phosphate dehydrogenase contains four sulfhydryl groups
per subunit; however, only 3.2 of these sulfhydryl groups
were lost during incubation with HNE. Moreover, the total
amount ofHNE (5.3 mol/mol of subunit) bound to the protein
was significantly greater than the amount of sulfhydryl
groups that disappeared. Evidently a substantial amount of

Table 1. 3H incorporation into HNE-modified proteins and
recovery of radioactivity after treatment with Raney nickel

3H incorporation, 3H recovery,
Cysteine per mol/mol of mol/mol of Yield,

Protein subunit subunit subunit %

G-3-PDH 4 5.3 0.54 10.2
G-6-PDH 0 1.5 0.03 1.8
GlnS 4 2.3 0.17 7.4
BSA 1 6.6 0.19 2.8

One milligram of each protein was incubated with 2 mM HNE in
1 ml of50mM sodium phosphate buffer, pH 7.2, for 2 hr at 37°C. Both
3H incorporation and recovery of radioactivity were determined
according to the procedure outlined in text. G-3-PDH, glyceralde-
hyde-3-phosphate dehydrogenase; G-6-PDH, glucose-6-phosphate
dehydrogenase; GlnS, glutamine synthetase; BSA, bovine serum
albumin.
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the HNE reacted with amino acid residues other than cys-
teine residues. Furthermore, after reduction with
NaB[3H]H4, only 0.54 mol/mol of the labeled adduct was
released in a solvent-extractable form upon incubation with
Raney nickel. Thus, only 17% of the modified cysteine
residues was present as the simple HNE-thioether adducts.
That HNE reacts with groups other than sulfhydryl group

on proteins is evident also from the fact that a protein that
contains no cysteine residue (i.e., glucose-6-phosphate de-
hydrogenase from L. mesenteroides), nevertheless, bound
1.5 mol of HNE per mol of subunit. As expected, an
insignificant amount (1.8%) of the HNE bound to this protein
could be released by treatment with Raney nickel.
Although E. coli glutamine synthetase contains four cys-

teine residues per subunit, only 2.3 equivalents ofHNE were
bound per subunit, and <10% ofthat bound could be released
upon treatment with Raney nickel. Failure to react with all
four of the sulfhydryl groups ofglutamine synthetase is likely
due to the fact that in the native configuration, the SH groups
are inaccessible to reaction with sulfhydryl reagents (29).
That HNE reacts with amino acid residues other than

cysteine residues is most clearly demonstrated by the exper-
iment with bovine serum albumin. This protein contains only
one free sulfhydryl group, but it bound 6.6 mol ofHNE per
mol.
Although only a small fraction of the 3H-labeled HNE-

protein adducts were converted to solvent-extractable ma-
terial by the Raney nickel treatment, the extractable material
from the HNE-modified glyceraldehyde-3-phosphate dehy-
drogenase yielded a single radioactive peak upon HPLC
analysis (Fig. 5C). Elution time of this material was identical
to that obtained from the 3H-labeled HNE-N-acetylcysteine
and HNE-GSH adducts (Fig. 5 A and B) and of the synthetic
product tentatively identified as 1,4-dihydroxynonane.

DISCUSSION
4-Hydroxyalkenals are known as diffusible cytotoxic prod-
ucts that originate from the peroxidative breakdown of poly-
unsaturated fatty acids containing more than one methylene-
interrupted double bond, such as linoleic acid and arachi-
donic acid (2). HNE, as well as other a,,-unsaturated
aldehydes, are known electrophilic agents that react rapidly
with the sulfhydryl moiety in cysteine, GSH, and protein.
Esterbauer et al. (11) demonstrated that 4-hydroxy-2-
alkenals are more reactive with GSH than are a,.8-
unsaturated aldehydes lacking the C-4 hydroxyl group (name-
ly, crotonaldehyde). The electron-withdrawing 4-hydroxy
group has been postulated to make C-3 of the 4-hydroxyal-
kenals more electropositive and, thus, more susceptible to
nucleophilic attack. The reaction of HNE with a mercaptan
is expected to yield a saturated aldehyde as a primary product
in which the sulfhydryl group of the mercaptan is attached in
thioether linkage to the C-3 of the HNE (Fig. 1). Subse-
quently, the free aldehyde moiety ofthe primary product may
react with the 4-hydroxyl group to form a cyclic hemiacetal
(lactol ring) derivative (1, 2, 9-11). It has been suggested that
the oxo-cyclo equilibrium would favor hemiacetal formation
(10).

In the present study, the reaction of HNE with N-acetyl-
cysteine and GSH gave rise to multiple products, as detected
by HPLC analysis (Figs. 2 and 3). Because only limited
amounts ofHNE were available for these studies, it was not
possible to rigorously characterize the various products. It is
significant, however, that, after treatment first with
NaB[3H]H4 and then with Raney nickel, only one major
solvent-extractable product was obtained, which accounted
for 85% or more of the total radioactive material formed. It
is, therefore, possible that the multiplicity of primary prod-
ucts formed represent closely related forms (isomers) of the

HNE-N-acetylcysteine and -GSH adducts, which upon
cleavage with Raney nickel yield a common product-i.e.,
probably 1,4-dihydroxynonane. The HNE used in this study
is a racemic mixture of (4R)- and (4S)-isomers. The hemiac-
etal derivatives would, therefore, contain chiral centers at
C-1, C-3, and CA of the nonenal moiety. Accordingly, the
hemiacetal derivatives ofN-acetylcysteine and GSH could be
composed of eight isomers and, after reduction with NaBH4,
should yield two pairs of diastereomers. In addition, reaction
of the aldehyde moiety of HNE with the a-amino group of
glutamyl moiety ofGSH could lead to the formation of Schiff
base derivatives. Whereas the precise identities ofthe several
products formed remain to be determined, it is evident from
the data presented here that the reduction ofprotein carbonyl
groups with NaB[3H]H4 and subsequent measurement of the
organic solvent-extractable radioactive products, which are
released by Raney nickel treatment, provide a means of
determining the fraction of total free carbonyl groups intro-
duced into proteins via the reaction of a,/-unsaturated alde-
hydic lipid-peroxidation products with protein sulfhydryl
groups. By this criterion, aldehydic thioether adducts were
demonstrated to account for <10o of the total protein
carbonyl groups associated with the modified proteins that
accumulate in liver hepatocytes of old rats (unpublished
observation).
This percentage could, however, underestimate the

amount of protein damage that occurs from reactions with
lipid-peroxidation products. As noted here (Table 1), HNE
reacts with the side chains of amino acid residues other than
cysteine to form products that are converted to radioactive
derivatives after treatment with NaB[3H]H4. These include
reactions with lysine amino groups of proteins to form Schiff
bases and with histidine residues of proteins (30). Why some
products formed by the interaction of HNE with protein
sulfhydryl groups are not converted to solvent-extractable
derivatives by the Raney nickel treatment remains to be
determined. When glyceraldehyde-3-phosphate dehydroge-
nase was treated with HNE, 3.2 sulfhydryl groups per
subunit were modified, but after NaBH4 reduction, only 0.54
equivalent of solvent-extractable radiolabeled product was
formed. Among other possibilities, such behavior could be
explained if the reaction ofHNE with the sulfhydryl group to
form a thioether derivative is followed by a secondary
reaction in which the aldehyde group of the thioether reacts
with the amino group of a proximal lysine residue of the
protein to form a Schiff base. Upon NaBH4 treatment, the
Schiff base would be stabilized by its conversion to a stable
secondary amine. Then, upon Raney nickel treatment, cleav-
age ofthe thioether linkage would occur, but the HNE adduct
would remain tethered to the protein by means of its attach-
ment to the lysine residue.
Immunochemical data have indicated that HNE-modified

proteins are formed in vivo (31, 32). Because HNE-modified
proteins are antigenic, the development of monoclonal anti-
bodies that can discriminate between various kinds ofHNE-
amino acid derivatives may provide a way to evaluate the
relative importance ofeach kind ofmodification to the overall
protein damage.
Carbonyl groups can be formed in proteins by nonenzy-

matic reactions other than by reaction with lipid-peroxidation
products to form thioether adducts (12-17, 30). As already
noted, the development of methods that can discriminate
between various pathways of protein carbonyl-group gener-
ation is critical to assessing the role of a given pathway in a
particular pathological condition. The method described here
allows quantitation of carbonyl groups arising from the
conjugation of lipid-derived a,,B-unsaturated aldehydes with
protein sulfhydryl groups.
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