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The ability of unsaturated fatty acid methyl esters to modify amino
acid residues in bovine serum albumin (BSA), glutamine syn-
thetase, and insulin in the presence of a metal-catalyzed oxidation
system [ascorbate /Fe(lll) /O] depends on the degree of unsatura-
tion of the fatty acid. The fatty acid-dependent generation of
carbonyl groups and loss of lysine residues increased in the order
methyl linoleate < methyl linolenate < methyl arachidonate. The
amounts of alkyl hydroperoxides, malondialdehyde, and a number
of other aldehydes that accumulated when polyunsaturated fatty
acids were oxidized in the presence of BSA were significantly lower
than that observed in the absence of BSA. Direct treatment of
proteins with various lipid hydroperoxides led to a slight increase
in the formation of protein carbonyl derivatives, whereas treat-
ment with the hydroperoxides together with Fe(ll) led to a sub-
stantial increase in the formation of protein carbonyls. These
results are consistent with the proposition that metal-catalyzed
oxidation of polyunsaturated fatty acids can contribute to the
generation of protein carbonyls by direct interaction of lipid
oxidation products («,B-unsaturated aldehydes) with lysine resi-
dues (Michael addition reactions) and also by interactions with
alkoxyl radicals obtained by Fe(ll) cleavage of lipid hydroperoxides
that are formed. In addition, saturated aldehydes derived from the
polyunsaturated fatty acids likely react with lysine residues to form
Schiff base adducts.

t is well established that end-products of lipid peroxidation,

such as malondialdehyde (MDA) and 4-hydroxy-2-nonenal,
cause protein damage by means of reactions with lysine amino
groups, cysteine sulthydryl groups, and histidine imidazole
groups (1-5). Modifications of biomolecules by aldehyde prod-
ucts of lipid peroxidation are also believed to contribute to
lipofuscin formation, as seen in aging and in the progression of
some degenerative diseases. A fluorescent product, a 2-hydroxy-
3-imino-1,2-dihydropyrrol derivative, is formed upon oxidative
cyclization of the 2:1 lysine:4-hydroxy-2-nonenal Michael ad-
duct-Schiff base cross-link (6). Recent studies have shown that
4-hydroxy-2-nonenal is involved in stress signaling pathways by
inhibiting the NF-«B/Rel system (7) and by activation of c-Jun
N-terminal kinases (8).

The reaction of the primary lipid peroxidation products, lipid
hydroperoxides (LOOH), with proteins is not well characterized.
This is presumably because of low stability of LOOH, which
decomposes rapidly via radical intermediates to aldehydic prod-
ucts (9, 10). It is suggested that the reaction of LOOH with
proteins does not involve alterations of the lipid moiety (11), but
no chemical characterization of such products has been carried
out. An antibody raised against lipid peroxide-modified protein
was shown to cross-react with proteins and cells after treatment
with LOOH and with proteins in human atherosclerotic lesions,
but it did not cross-react with aldehyde-modified proteins (12).
Lipid hydroperoxides were also found to inhibit plasma lecithin-
:cholesterol acyltransferase (13). Recently, the ability of linoleic-
13-hydroperoxide to convert BSA to carbonyl derivatives in the
presence of either Cu?>* or Fe3* has been demonstrated in this
laboratory (14).

Here, we demonstrate that the fatty acid-dependent protein
modifications, generation of carbonyl derivatives, and loss of

lysine residues are dependent on the degree of unsaturation of
the fatty acid and that polyunsaturated fatty acid alkoxyl radicals
formed during degradation of lipid hydroperoxides are likely
involved in the formation of protein carbonyl derivatives.

Materials and Methods

Materials. Bovine serum albumin (BSA), bovine insulin, and
soybean lipoxygenase (type I-b) were from Sigma. Glutamine
synthetase (GS) was from Escherichia coli YMC 10 pgln6, which
overproduces the enzyme. The enzyme was purified by the zinc
aggregation procedure as described (15). Methyl esters of stearic
acid, oleic acid, linoleic acid, linolenic acid, and arachidonic acid
were from Sigma. 15(S)-hydroperoxy-(E,Z,Z,Z)-5,8,11,13-
eicosatetraenoic acid (1SHpETE) was obtained from Cayman
Chemical.

Preparation of Lipid Hydroperoxides. The 13(S)-hydroperoxides
were prepared by enzymatic reaction of lipoxygenase with
methyl linoleate or methyl linolenate (16). Mixtures of lipid
hydroperoxides were prepared by incubation of 10 mM methyl
linoleate or 10 mM methyl linolenate with 25 mM ascorbate and
0.1 mM FeCls in 50 mM Hepes buffer, pH 7.2, at 37°C for 2 hr.
The lipid hydroperoxides were purified according to Reeder and
Wilson (16). The lipid hydroperoxide fractions were detected by
absorbance at 234 nm and the purity was determined by GC-MS.
Based on total ion counts, the 13(S)-hydroperoxides were 99%
pure. The lipid hydroperoxides were stored in ethanol at —20°C.

Incubation with Methyl Esters. Protein (1-2 mg/ml) was incubated
with stirring at 37°C in 50 mM phosphate or 50 mM Hepes
buffer, pH 7.2. Reactive oxygen species were generated by
addition of 25 mM ascorbate and 0.1 mM FeCl; (17). Fatty acid
methyl esters were added at final concentrations of 0.04 mM to
100 mM. PD10 columns (Pharmacia) were used to remove
ascorbate, free iron, and the fatty acids. The removal of the fatty
acids was confirmed by determination of the lipid content before
and after the PD10 column by gravimetry. Lipid was removed
before analyses of protein carbonyl and amino acid composition.

Incubation with Lipid Hydroperoxides. Protein (2 mg/ml) was
incubated with stirring at 37°C in 50 mM Hepes buffer, pH 7.2,
with 10 mM lipid hydroperoxide [ea34 = 2.5 X 10 M~ lem™!
(16)]. The concentration of ferrous ions was 1 mM. PD10
columns were used to remove lipid hydroperoxide and iron after
incubation.

Incubation with Aldehydes. Protein (2 mg/ml) was incubated with
stirring at 37°C in 50 mM Hepes buffer, pH 7.2, with 2 uM or
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2 mM aldehyde (Sigma). The aldehydes were removed after
incubation by protein precipitation with 10% trichloroacetic acid
(TCA).

Reduction of Protein-Lipid Derivatives. For reduction of Schiff base
derivatives, the protein-lipid adducts (5 mg/ml protein) were
incubated with 25 mM NaCNBHj; in 0.25 M phosphate buffer,
pH 6.0, for 1 hr at 37°C (18). For reduction of protein carbonyl,
16 mg/ml protein was incubated with 50 mM NaBHy in 0.1 mM
Tris'HCI containing 1 mM EDTA for 1 hr at 37°C (19).

Protein Carbonyl. The protein carbonyl content was determined
by the reaction with 2,4-dinitrophenylhydrazine (DNP) as de-
scribed by Levine ef al. (20). One milligram of protein was
incubated for 10 min with 10 mM DNP in 2 M HCIL. For each
sample, a blank without DNP was run in parallel. After precip-
itation with trichloroacetic acid, the pellet was washed three
times with ethanol/ethyl acetate (1:1, vol/vol). The carbonyl
content was calculated from the absorbance of the protein-2,4-
dinitrophenylhydrazone derivative at 370 nm.

Amino Acid Analysis. Protein (10 ug) was hydrolyzed at 155°C for
45 min after addition of 200 ul of 6 M constant-boiling HCI (21).
Amino acid composition of the acid hydrolysate was determined
by precolumn o-phthaldialdehyde derivatization and HPLC with
fluorescence detection (22).

Analysis of Ne-(Carboxymethyl)lysine (CML). Ascorbate, iron, and
lipid were separated from protein by use of PD10 columns, and
solutions were dried by centrifugal evaporation. Protein (3 mg)
was hydrolyzed as described above and the amino acids were
converted to their N, O-trifluoroacetyl methyl ester derivatives
for GC-MS as described by Knecht et al. (23). The GC-MS
analyses were performed by using a gas chromatograph
equipped with a 30-m HP-5MS capillary column coupled to a HP
5971A mass selective detector (Hewlett Packard). The temper-
ature program was 2 min at 150°C, then 5°C/min to 180°C and
15°C/min to 250°C, and holding time was 5 min. A CML
standard was kindly provided by J. R. Requena (Laboratory of
Biochemistry, National Heart, Lung, and Blood Institute).

Lipid Hydroperoxides. Aliquots of incubation mixtures were ex-
tracted with heptane. The lipid hydroperoxide concentration in
the heptane phase was determined by use of a colorimetric
method with KI and starch (24). H,O, was used as standard.

Aldehydic Lipid Peroxidation Products. Volatile aldehydes were
collected from the incubation mixtures by dynamic headspace
sampling. Because BSA promoted the release of volatiles, 2
mg/ml BSA was added to samples without protein just before the
headspace sampling. The samples were purged with nitrogen at
340 ml/min for 10 min at 45°C and the volatiles were trapped on
Tenax-GR traps (Chrompack). The volatiles were released from
the Tenax traps by thermal desorption (ATD-400, Perkin-
Elmer) and analyzed by GC-MS on a 30-m DB 1701 capillary
column (J & W Scientific, Folsom, CA). The following temper-
ature program was used: 65°C for 1 min, ramping 4°C/min to
90°C and 20°C/min to 240°C, and holding 5 min at the final
temperature. The ionization energy of the mass spectrometer
was set at 70 eV in EI mode and the detector operated with a
mass range of 30-250 atomic mass units with repetition rate at
3.4 scans per s. For quantification purposes, aldehydes dissolved
in ethanol were added in five sets of concentrations to Hepes
buffer, pH 7.2. The standards were collected and analyzed as
described above.

MDA. MDA was measured by use of a GC method after deriva-
tization of MDA with pentafluorophenylhydrazine as described
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Fig. 1. Formation of carbonyl derivatives of proteins in the presence of

methyl linolenate. Reaction mixtures (37°C) contained 2 mg/ml BSA (A), 2
mg/ml GS (B), or 1 mg/ml insulin (C). In addition, the mixtures contained 50
mM Hepes buffer, pH 7.2, and, where indicated, various supplements: 10 mM
methyl linolenate (L), 25 mM ascorbate (Asc), of 0.1 mM FeCls (Fe). Supple-
ments were as follows: ®, L+Asc+Fe; A, L+Asc; A, L+Fe; X, L; and m, Asc+Fe;
@, Asc. For reactions with GS (B), mixtures also contained 100 mM KCl and 10
mM MqgCl,.

by Yeo et al. (25). A gas chromatograph equipped with a 30-m
HP-5MS capillary column coupled to a flame ionization detector
was used.

Results

Protein Modification. Protein carbonyl formation. To study the
effects of polyunsaturated fatty acids on the oxidative modifi-
cation of proteins, we measured the carbonyl content of proteins
after their exposure to the ascorbate and Fe3* mixed-function
oxidation systems, in both the presence and absence of methyl
esters of unsaturated fatty acids. As shown in Fig. 1, incubation
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Fig. 2. Lipid-dependent oxidation of BSA to carbonyl derivatives. Mixtures
containing BSA (2 mg/ml), 50 mM Hepes buffer at pH 7.2, 25 mM ascorbate,
0.1 mM FeCl;, and 10 mM methyl arachidonate (®), methyl linolenate (#),
methyl linoleate (A), methyl oleate (), methyl stearate (), or no lipid (m)
were incubated at 37°C.

of BSA, GS, or insulin with 10 mM methyl linolenate led to a
substantial time-dependent increase in protein carbonyl content.
After 6 hr, the carbonyl content of protein incubated in the
presence of methyl linolenate was 2-3 times greater than in
proteins incubated in the absence of linolenate. The ability of
linolenate to stimulate carbonyl formation of BSA is almost
completely dependent on the presence of ascorbate and is
appreciably greater when ascorbate and Fe3* are both present.
The fact that ascorbate alone can support the linolenate-
dependent increase in carbonyl formation is likely because of
trace contamination of the reaction mixture by transition metals.

It is evident from data summarized in Fig. 2 that only
polyunsaturated fatty acids are able to stimulate carbonyl for-
mation of proteins. No increase in protein carbonyl was observed
with either the saturated stearic acid (C18:0) or the monoun-
saturated fatty acid oleic acid (C18:1). However, methyl esters of
the polyunsaturated fatty acids linoleic acid (C18:2), linolenic
acid (C18:3), and arachidonic acid (C20:4) promoted carbonyl
formation. Their ability to do so increases with the degree of
unsaturation, in the order C18:2 < C18:3 < (C20:4, which is
consistent with the proposition that lipid oxidation products are
involved in the enhancement of protein carbonyl formation.

Loss of lysine residues. In addition to forming protein carbonyls,
the exposure of BSA to polyunsaturated fatty acids in the
presence of ascorbate and Fe3* leads to loss of lysine residues.
Again, the loss of lysine is strongly dependent on the degree of
fatty acid unsaturation. As shown in Fig. 3, there is little or no
loss of lysine residues in BSA during 6-hr incubation with methyl
linoleate. However, a significant loss is induced by methyl
linolenate, especially after prolonged incubation (6 hr), and, in
the presence of methyl arachidonate, lysine loss increases pro-
gressively with time from a value of 4.6 mol/mol of protein after
1 hr to a value of 9.5 mol/mol after 6 hr.

CML is a chemically well characterized advanced glycation
end product of proteins (23, 26), but it has also been shown to
be formed during metal-catalyzed lipid peroxidation in the
presence of proteins (27). However, under our experimental
conditions, only trace amounts of CML could be detected after
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Fig. 3. Loss of lysine residues after incubation of BSA with lipid and the
ascorbate-iron system. BSA (2 mg/ml) was incubated with 25 mM ascorbate
and 0.1 mM FeCl3 in Hepes buffer, pH 7.2, in the presence or absence of 10 mM
lipid for the indicated times.

exposing protein to metal-catalyzed oxidation for 6 hr, in either
the presence or absence of lipid.

The fatty acid-dependent loss of lysine residues could reflect
(i) formation of Schiff bases by direct reaction of lysine amino
groups with lipid-derived aldehydes, (if) Michael addition of the
lysine amino group to the double bond of «,B-unsaturated
aldehydes (e.g., 4-hydroxy-2-nonenal), which are formed during
peroxidation of polyunsaturated fatty acids (1), or (iii) direct
oxidation of lysine residues by LOOH or LOOH-derived radicals
(LOO’, LO"). Significantly, the imidazole group of histidine and
cysteine sulthydryl groups can also undergo Michael addition
reactions (1). However, we could not detect any loss of histidine
residues during exposure to oxidation of proteins in the presence
of lipids. The possibility that Michael addition to sulthydryl
groups is involved was not investigated.

Lipid Peroxidation. Lipid hydroperoxides. Metal-catalyzed oxida-
tion of the methyl esters of linoleic, linolenic, and arachidonic
acids led in each case to rapid formation of about 1.0 mol/mol
alkyl-hydroperoxide derivative during the first 2 hr of incubation
(Fig. 4). When the reactions were carried out in the presence of
BSA (2 mg/ml), the yield of lipid hydroperoxide was substan-
tially lower, by an amount that correlated with the degree of
unsaturation of the lipid substrate. Thus, BSA had no effect on
the level of peroxide obtained with linoleate, but the levels
obtained with linolenate and arachidonate after 2-hr incubation
in the presence of BSA were 13% and 35% lower, respectively,
than those observed during incubation in the absence of BSA
(Fig. 4).

In view of the fact that in the absence of BSA similar amounts
of hydroperoxide (0.8-1.1 mol/mol) were formed by all three
lipids, these results suggest either (i) that the ability of alkyl
peroxides or lipid radicals to react with BSA varies with the
degree of unsaturation of the fatty acids from which they are
derived or (ii) that in the competition to serve as a substrate for
primary reactions with metal-catalysis-generated reactive oxy-
gen species, BSA is a better substrate than linoleate, but it is a
poor substrate compared with linolenate or arachidonate.

Formation of volatile lipid aldehydes. The amounts and com-
position of volatile aldehyde products formed during lipid per-
oxidation vary with the kind of fatty acid oxidized (Table 1).
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Fig. 4. Formation of lipid hydroperoxides during ascorbate/iron-catalyzed
lipid peroxidation. At a concentration of 10 mM, methyl arachidonate (@, O),
methyl linolenate (®, <), or methyl linoleate (A, A) was incubated in Hepes
buffer, pH 7.2, in the absence (open symbols) and in the presence (filled
symbols) of BSA (2 mg/ml), for various times, as indicated.

Moreover, there was a lag period of about 2 hr before significant
levels of most aldehydes measured could be detected (data not
shown). The levels of all volatile aldehydes in reaction mixtures
containing methyl linolenate or methyl arachidonate were sig-
nificantly lower when reactions were carried out in the presence
of BSA (Table 1). Whereas all o, B-unsaturated aldehydes would
be expected to contribute to the protein carbonyl formation by
Michael addition reactions, we could detect no increase in the
level of carbonyls when BSA was incubated with lipid aldehydes
in the concentration (2 uM) found in the lipid oxidation
mixtures. However, when tested at 2 mM concentrations, each of
the «,B-unsaturated aldehydes caused a significant increase in
protein carbonyl content (data not shown). Furthermore, we
failed to detect 4-hydroxy-2-nonenal among the products formed
in the oxidation of any one of the unsaturated fatty acids used
in this study, probably because the volatility of 4-hydroxy-2-
alkenals is too low for them to be isolated by headspace analysis.

The yields of pentanal, hexanal, frans-2-hexenal, trans-2-
heptenal, and frans-2-octenal from arachidonic acid and of
pentanal and trans-2-hexenal from linolenic acid were substan-
tially lower when the reactions were carried out in the presence

MDA, mmol/mole Lipid
— Y N N
o [6)] o [6,]

wr

Llnoleriate Arachidonate

Fig. 5. Conversion of lipids to MDA in the presence and absence of BSA.
Reactions were carried out as described for Table 1, in the presence (hatched
bars) and in the absence (gray bars) of 2 mg/ml BSA. After incubation (6 hr),
the amount of MDA was measured as described in the text.

of BSA than in its absence; however, BSA had no effect on the
formation of these aldehydes from linoleic acid (Table 1). The
in vitro reaction of any one particular lipid aldehyde with BSA
should not be affected by the structure of the lipid from which
itwas derived. Moreover, we observed that pentanal and hexanal
(2 mM) could not promote formation of carbonyls in BSA (data
not shown). Therefore, the BSA-dependent decrease in the
production of various lipid aldehydes from polyunsaturated fatty
acids might reflect preferential reaction of lipid hydroperoxide
or lipid radical intermediates with amino acid residues of BSA.
This would lead to a decrease in the amount of lipid hydroper-
oxides and lipid radicals that are available for further conversion
to aldehydic products.

MDA formation. In addition to the aldehydes shown in Table
1, we also measured the levels of MDA that are formed during
oxidation of linoleate, linolenate, and arachidonate. Under our
conditions, MDA could not be detected among the oxidation
products of methyl linoleate (results not shown), but substantial
amounts (22-24 mmol/mol of lipid) were formed during the
oxidation of linolenate and arachidonate (Fig. 5). Furthermore,
the amount of MDA measured in reaction mixtures containing
BSA was 35-50% lower than that observed in the absence of
BSA (Fig. 5). This observation suggests that MDA may be an
important contributor to the increase in protein carbonyl con-
tent observed during the oxidation of protein/polyunsaturated

Table 1. Concentration of aldehydes formed during metal-catalyzed oxidation of lipids

Methyl linoleate

Methyl linolenate Methyl arachidonate

Aldehyde, mmol/mol lipid —BSA +BSA —BSA +BSA —BSA +BSA
trans-2-Butanal ND ND 1.70 = 0.05 0.97 = 0.06 ND ND
Pentanal 1.3 04 1.6 +0.2 0.39 = .01 0.28 = 0.05 9.6 *=0.1 54 *03
trans-Pentenal ND ND 55 =0.1 41 *=0.1 ND ND
Hexanal 58 *=1.3 43 +0.5 ND ND 61 + 3.0 31 +1.0
trans-Hexenal 0.20 = 0.05 0.15 = 0.01 0.86 = 0.05 0.56 = 0.04 0.41 = 0.05 0.18 = 0.06
trans-Heptenal 0.86 = 0.13 0.62 = 0.05 ND ND 3.6 =0.1 1.4 +=0.1
trans,trans-2,4-Heptadienal ND ND 1.8 = 0.1 1.5 *=0.1 ND ND
trans-Octenal 0.36 = 0.05 0.32 = 0.05 0.22 = 0.01 0.14 = 0.04 6.7 *=0.05 3.5 *0.05
trans-2-Nonenal ND ND ND ND 1.6 =0.2 1.0 =0.1
trans,trans-2,4-Nonadienal 0.36 = 0.05 0.34 = 0.04 ND ND 0.84 = 0.08 0.74 = 0.02
trans,trans-2,4-Decadienal 0.64 = 0.09 0.44 = 0.13 ND ND 3.7 *0.1 3.6 *0.1

Reaction mixtures containing 10 mM lipid, 25 mM ascorbate, and 0.1 mM FeCl; were incubated at 37°C for 6 hr in the presence or absence of 2 mg/ml BSA.

ND, none detected. Results are presented as mean = SD.
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Fig. 6. Lipid hydroperoxide-dependent conversion of BSA to carbonyl de-
rivatives. Reaction mixtures containing 10 mM concentrations of a chemically
prepared mixture of lipid hydroperoxides (gray bars), pure lipid hydroperox-
ide preparations (black bars), or no hydroperoxide (open bars) were incubated
with 2 mg/ml BSA in 50 mM Hepes buffer, pH 7.2, in both the presence and
absence of 1 mM Fe?*. After 2 hr at 37°C, the protein carbonyl content was
measured. The lipid hydroperoxide mixtures and pure lipid hydroperoxides,
methyl linoleate (C18:2), methyl linolenate (C18:3), and methyl arachidonate
(C20:4) were obtained as described in the text.

fatty acid mixtures. MDA has been shown to form reactive
carbonyl derivatives of proteins (28).

Lipid Hydroperoxide-Mediated Protein Modifications. To test the
possibility that lipid hydroperoxides formed during the oxidation
of polyunsaturated fatty acids (Fig. 4) contribute to the gener-
ation of protein carbonyls (Figs. 1 and 2), we studied directly of
the ability of lipid hydroperoxides isolated from metal-catalyzed
lipid oxidation mixtures to promote formation of carbonyl
groups in BSA. As shown in Fig. 6, incubation of BSA with the
mixture of lipid hydroperoxides led to a substantial increase in
the level of protein carbonyl groups. Significantly, hydroperox-
ides from linolenate were more effective in generating carbonyls
than those derived from linoleate. It is also noted that carbonyl
formation was greatly enhanced by further addition of Fe?*,
which by itself had little, if any, effect on carbonyl formation.
These results are consistent with a free radical mechanism
(alkoxyl radicals) of carbonyl formation. The elevated level of
carbonyl observed immediately after addition of peroxides re-
mained unchanged after 4-hr incubation (data not shown),
indicating that the reaction with lipid hydroperoxides is ex-
tremely fast and that the peroxides are extremely unstable under
the conditions employed.

Data summarized in Fig. 6 show further that incubation of
BSA with the linoleic- or linolenic 13(S)-hydroperoxide yielded
patterns of carbonyl formation similar to those obtained with the
chemically produced mixtures of lipid hydroperoxides. Again,
the formation of carbonyl groups caused by the homogeneous
preparations of lipid hydroperoxides was strongly dependent on
the degree of unsaturation. Incubation of BSA with arachidonic
acid lipid hydroperoxide (C20:4) resulted in higher levels of
protein carbonyls than was observed with incubation with the
13($)-C18:2 or C18:3 lipid hydroperoxides. Moreover, the yield
of carbonyls obtained with the lipid 13(S)-hydroperoxides was
only one-half that observed with the corresponding chemically
produced lipid hydroperoxide mixtures, suggesting that the
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mixed peroxide preparation contains some more highly reactive
species.

Discussion

There is abundant evidence that lipid peroxidation products
(radicals, lipid hydroperoxides, and reactive aldehyde deriva-
tives) are capable of modifying proteins, both in vivo and in vitro
(6, 12,28-31). In the present study, we compared directly, under
comparable experimental conditions, the ability of the ascor-
bate/Fe(II)/O, metal-catalyzed oxidation system (MCO) to
promote formation of lipid aldehydes and hydroperoxide deriv-
atives of linoleic, linolenic, and arachidonic acid methyl esters,
and the abilities of these lipids to promote metal-catalyzed
formation of protein carbonyl derivatives of several proteins and
to produce changes in amino acid composition of BSA. We found
that the oxidation of proteins by the ascorbate/iron system is
greatly enhanced in the presence of polyunsaturated fatty acid
methyl esters and that the ability of these lipids to stimulate
protein carbonyl formation is strongly dependent upon degree of
unsaturation. Thus, saturated and monounsaturated fatty acids
have no detectable effect on carbonyl formation, whereas the
ability of polyunsaturated fatty acids to promote carbonyl for-
mation increases in the order linoleate < linolenate < arachid-
onate (Fig. 2). The metal-catalyzed oxidation of polyunsaturated
fatty acids leads to the formation of several products that have
been shown to form protein carbonyl derivatives with proteins.
These include (i) MDA, which reacts with lysine residues of
proteins to form stable carbonyl derivatives (ref. 28 and con-
firmed by B. S. Berlett and E.R.S., unpublished results); (ii)
a,B-unsaturated aldehydes, such as 4-hydroxy-2-nonenal, which
can undergo Michael addition-type reactions with the e-amino
group of lysine residues, the sulfhydryl group of cysteine resi-
dues, and the imidazole group of histidine residues (1-5); and
(#ii) lipid peroxides, which can undergo metal ion-catalyzed
conversion to alkoxyl and peroxyl radicals that can react directly
with side chains of some amino acid residues to form carbonyl
derivatives, by mechanisms analogous to those obtained with
hydrogen peroxide (32). It is noteworthy that lysine residues are
among the preferred targets for reaction with all three types of
lipid peroxidation products, all the more so because lysine was
the only amino acid found to decrease significantly when BSA
was incubated with polyunsaturated fatty acids (Fig. 3). More-
over, as with carbonyl formation, the loss of lysine residues
increased as a function of the degree of fatty acid unsaturation.
Significantly, in addition to lysine residues, the sulfhydryl groups
of proteins and the imidazole groups of histidine residues can
also undergo Michael addition reactions to form protein car-
bonyl derivatives (2). However, Michael addition of histidine
residues cannot play a major role in the observed increase in
lipid-dependent formation of protein carbonyl groups in BSA,
since the loss of histidine residues in the presence and absence
of lipids was almost the same. The possibility that Michael
additions to sulfhydryl groups of BSA are involved was not
investigated.

In addition to reactions that yield carbonyl derivatives, lysine
residues of proteins can react directly with lipid-derived alde-
hydes to form Schiff base derivatives (30). At first glance,
formation of Schiff base derivatives might explain why the yields
of some of the aldehydes produced by metal-catalyzed oxidation
of methyl linolenate and methyl arachidonate are considerably
lower in the reaction mixtures containing BSA than in its absence
(Table 1) and might also account for the loss of lysine residues
associated with lipid peroxidation (Fig. 3). However, neither
Schiff base formation alone nor simple Michael addition reac-
tions with lysine residues can account for the observed loss of
lysine residues, since both are very sensitive to acid hydrolysis
(25,30, 31, 33) and would be destroyed during protein hydrolysis
before amino acid analysis. Moreover, treatment of reaction

PNAS | January 18,2000 | vol.97 | no.2 | 615

BIOCHEMISTRY



mixtures with sodium cyanoborohydride at pH 6.0, conditions
known to reduce Schiff bases to stable derivatives, did not lead
to a detectable increase in the amount of lysine lost (data not
shown). Therefore, unless they are followed by secondary reac-
tions—i.e., rearrangements or polymerization reactions (34)—it
is unlikely that formation of Schiff bases or Michael addition
reactions contribute significantly to the observed loss of lysine
residues.

We could not detect any formation of 4-hydroxy-2-nonenal in
the model systems, probably because of low volatility of this
hydroxy compound (Table 1). Furthermore, only (n — 6) poly-
unsaturated fatty acids, such as linoleic and arachidonic acids but
not the (n — 3) linolenic acid, can yield 4-hydroxy-2-nonenal
(35). This indicates that 4-hydroxy-2-nonenal did not cause the
observed protein modifications. We concluded that formation of
CML did not contribute significantly to the polyunsaturated fatty
acid-dependent loss of lysine residues. Other studies have also
demonstrated that CML is formed at the low mmol/mol lysine
residues level (27, 36).

It is well known that metal-catalyzed oxidation of polyunsat-
urated lipids leads to formation of lipid hydroperoxides (9). The
observation that the level of lipid hydroperoxide formed in the
absence of protein is substantially greater than in the presence
of protein (Fig. 4) indicates that the lipid hydroperoxides may
react further with proteins. The dependence on the type of fatty
acid and the presence of protein for the formation of pentanal,
hexanal, trans-2-hexenal, trans-2-heptenal, and frans-2-octenal
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(Table 1) also suggest involvement of lipid hydroperoxides or
lipid radicals in the observed protein modifications. This invites
speculation that alkoxyl radicals formed in the Fe?*-dependent
heterolytic cleavage of lipid hydroperoxides (37) are involved in
the generation of protein derivatives (Fig. 6) and might involve
site-specific interactions with lysine residues, in analogy to
site-specific modifications of proteins as occurs with H,O,
metal-catalyzed oxidation systems (21, 32).

We assume that the ability of BSA to suppress the formation
of lipid hydroperoxides and lipid aldehydes reflects reaction of
alkoxyl radicals formed from lipid hydroperoxides with the
amino acid residues in the protein. However, the possibility that
the lower level of lipid oxidation products reflects competition
between lipids and proteins for reactive oxygen species gener-
ated by the metal-catalyzed system cannot be ruled out.

The results presented here confirm and extend findings of
other workers (11-13) demonstrating that primary lipid peroxi-
dation products can contribute significantly to the oxidative
damage of proteins as occurs under conditions of oxidative stress
and in aging and age-related diseases (see ref. 38 for review).
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