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There is large interest in 4-hydroxy-(2E)-alkenals be-
cause of their cytotoxicity in mammals. However, the
biosynthetic pathway for these compounds has not
been elucidated yet. In plants, 4-hydroxy-(2E)-alkenals
were supposed to be derived by the subsequent ac-
tions of lipoxygenase and a peroxygenase on (3Z)-
alkenals. The presence of 9-hydroxy-12-oxo-(10E)-
dodecenoic acid (9-hydroxy-traumatin) in incubations
of 12-ox0-(9Z)-dodecenoic acid (traumatin) in the ab-
sence of lipoxygenase or peroxygenase, has prompted
us to reinvestigate its mode of formation. We show
here that in vitro 9-hydroxy-traumatin, 4-hydroxy-
(2E)-hexenal and 4-hydroxy-(2E)-nonenal, are formed
in a nonenzymatic process. Furthermore, a novel
product derived from traumatin was observed and
identified as 11-hydroxy-12-oxo-(9Z)-dodecenoic acid.
The results obtained here strongly suggest that the
4-hydroxy-(2E)-alkenals, observed in crude extracts of
plants, are mainly due to autoxidation of (3Z)-hexenal,
(32)-nonenal and traumatin. This may have implica-
tions for the in vivo existence and previously proposed
physiological significance of these products in
plants. © 2000 Academic Press
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lipoxygenase

The formation of 4-hydroxy-(2E)-alkenals from poly-
unsaturated fatty acids was first observed in mamma-
lian systems (1). Although these compounds have been
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of great interest because of their cytotoxicity (2), the
biosynthetic pathway in mammals has not been unrav-
eled yet. However, it has been suggested that at least
4-hydroxy-(2E)-nonenal (HNE) is formed by autoxida-
tion (3).

In plant extracts, 4-hydroxy-(2E)-alkenals, such as
HNE, 4-hydroxy-(2E)-hexenal (HHE) and 9-hydroxy-
12-ox0-(10E)-dodecenoic acid (9-hydroxy-traumatin),
have been found as well (4-7). These compounds are
suggested to be derived from (3Z)-hexenal, (32)-
nonenal and 12-ox0-(9Z)-dodecenoic acid (traumatin),
which are products of the successive actions of lipoxy-
genase (LOX) and hydroperoxide lyase (HPO lyase) on
linoleic and linolenic acid. Gardner and Hamberg pro-
posed two enzymatic routes for the formation of these
4-hydroxy-(2E)-alkenals from (3Z)-alkenals in plants
(8). First through an oxygenation reaction of a (32)-
alkenal to a 4-hydroperoxy-(2E)-alkenal by a (32)-
alkenal oxygenase activity, followed by reduction of the
hydroperoxy group by a hydroperoxide-dependent per-
oxygenase. By investigating this process in more de-
tail, it was found that the formation of 4-hydroperoxy-
(2E)-alkenals might be catalyzed by LOX (5, 9).
Alternatively, it was suggested that a 4-hydroxy-(2E)-
alkenal was produced by rearrangement of a 3,4-
epoxyalkenal which was also formed from a (32)-
alkenal by a hydroperoxide-dependent peroxygenase.

However, the finding of 9-hydroxy-traumatin in in-
cubations of hydroperoxy fatty acids with pure HPO
lyase, in the absence of LOX or a peroxygenase, has
prompted us to reinvestigate its mode of formation (10,
11). The data we present here, indicate that the forma-
tion of 4-hydroxy-(2E)-alkenals from (3Z)-alkenals in
vitro is mainly due to autoxidation.

MATERIALS AND METHODS

Enzyme preparations. Lipoxygenase-1 (LOX-1) was isolated from
soybeans (12). Recombinant LOX-100 was isolated as described be-
fore (13). It is a 13-LOX which is induced by methyljasmonate and is
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located in chloroplasts of barley leaves (14). Recombinant HPO
lyase was isolated as described previously (10). This HPO lyase
from alfalfa is highly specific for 13-hydroperoxy linoleic and
linolenic acids. A crude extract of alfalfa was prepared as described
previously (7).

Preparation of (3Z)-alkenals. (3Z)-hexenal and (3Z)-nonenal
were prepared from the corresponding alcohols (3Z)-hexen-1-ol and
(32)-nonen-1-ol, as described previously (15). 13S-hydroperoxy-
(9Z,11E,15Z)-octadecatrienocic acid (13-HPOT) and 13S-hydro-
peroxy-(9Z,11E)- octadecadienoic acid (13-HPOD) were prepared by
incubation of a-linolenic or linoleic acid with lipoxygenase-1 (16).
Traumatin was prepared by incubation of HPO lyase with 100 uM
13-HPOT in 50 mM potassium phosphate buffer, pH 6.0. The reac-
tion was followed by measuring the absorbance at 234 nm until all
substrate was converted. The reaction mixture was acidified with
HCI to pH 5.0 and the traumatin was extracted with an octadecyl
solid-phase extraction column (J. T. Baker B.V., Deventer, The Neth-
erlands), previously equilibrated with 100% methanol. The column
was washed with 50% methanol, and pure traumatin was obtained
by elution with 75% methanol.

Formation of 4-hydroxy-(2E)-alkenals. For the formation of
9-hydroxy-traumatin, traumatin was incubated in a stirred vessel
for 1.5 h, in 5 ml of 0.1 M sodium borate buffer pH 9.0, 50 mM
potassium phosphate buffer pH 6.0 or 50 mM sodium acetate buffer
pH 4.0, supplemented with 7 Units of LOX-1, HPO lyase or 1 ml of
crude extract (1 Unit is the amount of enzyme that converts 1
wmol/min). Incubations with heat-denatured enzymes were per-
formed as well. HHE and HNE were formed by incubating 25 uM of
(32)-hexenal or (3Z)-nonenal for 1 h, in 2 ml of 2100 mM potassium
phosphate buffer pH 7.0, supplemented with 100 uM 13-HPOD, 100
uM 13-HPOT, 100 uM H,0,, or with 100 ug purified recombinant
LOX-100. The reactions were stopped by reducing the hydroperoxy
derivatives with an excess of NaBH,.

Analysis of 4-hydroxy-(2E)-alkenals. 9-Hydroxy-traumatin was
extracted from the reaction mixture with an octadecyl solid-phase
extraction column (J. T. Baker B.V., Deventer, The Netherlands)
after acidification with HCI to pH 5.0, or with an Oasis HLB extrac-
tion cartridge (Waters, MA) without acidification, and eluted with
100% methanol. The product was reduced with an excess of NaBH,
at 0°C, esterified with ethereal diazomethane and silylated with
silylating reagent (pyridine/1,1,1,3,3,3-hexamethyldisilazane/chloro-
trimethylsilane 5:1:1, v/v/v). Identification of the products was per-
formed with GC/MS (Fisons GC 8000 series and Fisons Instruments
MD 800 MassLab spectrometer, Alltech AT-1 column, 0.25 um film
thickness, 30 m X 0.25 mm), quantitative analysis was performed
with GC/FID (Chrompack CP9002, CP-Sil5 CB column, 0.25 um film
thickness, 25 m X 0.32 mm). The column temperature was held at
140°C for 2 min, increased to 280°C, 6°C/min and held at this
temperature for 2 min. Electron impact mass spectra were recorded
with an ionization energy of 70 eV.

The analysis of HHE and HNE was performed as described before
using some modifications (6). In order to form the 24-
dinitrophenylhydrazone (DNPH) derivatives of aldehydes, the incu-
bation mixtures were stirred in the presence of 1 ml of DNPH-
reagent (0.1% 2,4-dinitrophenylhydrazine in 1 M HCI) at room
temperature for 1 h. The reaction mixture was extracted three times
with 5 ml hexane each, and the collected organic phases were dried
under a stream of N,. DNPH derivatives were redissolved in 400 wl
of acetonitrile. HPLC analysis of the DNPH derivatives was carried
out by RP-HPLC on a Jupiter C-18 300A column (250 X 1.0 mm, 5
wm particle size, Phenomenex, Germany) using a binary gradient
system (solvent A: acetonitrile/water (60:40, v/v); solvent B:
acetonitrile/water (80:20, v/v)) with the following gradient program:
100% solvent A for 15 min, followed by a linear increase of solvent B
up to 50% within 5 min, a linear increase of solvent B up to 100%
within 13.4 min and finally an isocratic postrun at 100% solvent B for
11.6 min. The flow rate was 0.05 ml/min. The absorbance at 365 nm
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was monitored to indicate the presence of DNPH derivatives. All
aldehydes were identified by their characteristic UV spectra and by
co-injection of authentic standards. Calibration curves (five point
measurements) were established.

RESULTS

To determine if the formation of 9-hydroxy-
traumatin was induced by the action of LOX, as pro-
posed, traumatin was incubated with native or dena-
tured LOX-1. Since formation of 9-hydroxy-traumatin
was also observed in incubations of hydroperoxy fatty
acids with HPO lyase (10, 11), and because many cy-
tochrome P450 enzymes are known to have monooxy-
genase activity, it was also studied if the formation
of 9-hydroxy-traumatin could be catalyzed by HPO
lyase. Equal amounts were formed with active and
denatured enzymes (Fig. 1A). The formation of hydroxy-
traumatin in these incubations is therefore due to au-
toxidation. With a crude extract of alfalfa a similar
amount of hydroxy-traumatin was formed. Since the
amount of hydroxy-traumatin formed in incubations at
pH 6.0 was higher than in incubations at pH 9.0, the
influence of the pH was studied by incubating trauma-
tin in buffers with different pH, with or without addi-
tion of LOX-1. The oxygenation of traumatin appeared
to be higher at low pH (Fig. 1B) and was independent
of the addition of LOX-1. When the sample of pH 9.0
was not acidified prior to solid phase extraction, hardly
any hydroxy-traumatin was formed. Interestingly, a
novel product derived from traumatin was observed.
This product was identified as 12-oxo-11-hydroxy-(92)-
dodecenoic acid (11-hydroxy-traumatin) (Fig. 2). The
amount was about 5 times less than the amount of
9-hydroxy traumatin formed.

An incubation in H,0 (Fluka) was carried out to
determine if the oxygen from the hydroxy group is
derived from water or from molecular oxygen. The
mass spectra of the formed 9- and 11-hydroxy-
traumatin only demonstrated exchange of oxygen of
the C,-aldehyde group but no incorporation of **O in
the hydroxy group at either C, or C,,. It is, therefore,
likely that 9- and 11-hydroxy-traumatin are formed by
a reaction of 12-0xo-(9Z)-dodecenoic acid with molecu-
lar oxygen.

To determine if HHE and HNE were formed in an
enzymatic reaction, (32)-hexenal or (3Z)-nonenal were
incubated with recombinant LOX-100, which should be
the enzyme responsible for HHE formation in case of
barley leaves (6). Furthermore, (32)-hexenal or (32)-
nonenal were incubated with oxidizing chemicals such
as 13-HPOD, 13-HPOT or H,0,, or with a combination
of 13-HPOD/T or H,0, and LOX-100. For both alde-
hydes similar results were obtained. As shown for
HNE formation (Fig. 3), similar values were found
when (3Z)-nonenal was incubated with 13-HPOD/T
only, or in combination with LOX-100. These results
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FIG. 1. Formation of 9- and 11-hydroxy traumatin as a percentage of the total amount of 12-oxo-dodecenoic acids present. (A) Formation
of 9- and 11-hydroxy traumatin by native or denatured LOX-1 (pH 9.0), HPO lyase (pH 6.0) or a crude extract of alfalfa (pH 6.0). (B)
Formation of 9- and 11-hydroxy-traumatin in buffers of different pH. Quantification occurred with GC/FID after extraction and derivatiza-
tion of the products. Representative results are shown.

indicate that the formation of HHE and HNE under contrast to the formation of HHE and HNE. Further-
these conditions is due to autoxidation as well. The more, incubation of 12-0x0-(9Z)-dodecenoic acid with
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FIG. 2. Formation of 9- and 11-hydroxy-traumatin upon incubation of 12-0xo0-(9Z)-dodecenoic acid in 50 mM sodium acetate buffer pH
4.0 for 1.5 h. The products were extracted, derivatized, and identified with GC/MS.
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FIG. 3. Formation of HNE upon incubation of (3Z)-nonenal with
100 uM 13-HPOD, 100 uM 13-HPOT, 100 uM H,0,, or with 100 ug
purified recombinant LOX 100, respectively, for 1 h. The remaining
aldehydes were derivatized and analyzed by HPLC. The results
represent the mean and the standard deviation of 3 experiments.

DISCUSSION

In contrast to the previously proposed enzymatic
routes for the formation of 4-hydroxy-(2E)-alkenals in
plants, we have shown here that HHE, HNE and
9-hydroxy-traumatin can be formed in a non-
enzymatic process. Until now, it had not been studied if
9-hydroxy-traumatin found in crude extracts, could be
due to autoxidation. The previously described forma-
tion of HNE by LOX-1 spiked with 13-HPOD (9) might
be mainly due to the presence of 13-HPOD and not to
the action of LOX-1, since we showed that 13-HPOD
and 13-HPOT alone induced the formation of much
higher amounts of HHE and HNE than LOX. An au-
toxidative process may also explain the inability of
LOX inhibitors to inhibit the oxygenation of (32)-
alkenals (8, 15) and the almost racemic mixture of
products obtained with crude enzyme preparations (8,
9). The fact that there was no formation of HNE ob-
served with heat-inactivated enzyme preparations in
those previous studies, might be due to the reaction
conditions used. Since (3Z)-nonenal was found to dis-
appear in the incubations with denatured enzyme as
well (8, 15), it might be possible that the formed HNE
was not recovered because of the formation of Schiff
bases, as was also proposed for 9-hydroxy-traumatin in
undiluted enzyme preparations (5). In addition, it has
been suggested that formation of 4-hydroxy-(2E)-
alkenals is catalyzed by 9-LOX activity. However, even
at neutral pH where LOX-1 has significant 9-LOX ac-
tivity (17), we could not find enzymatic formation of
these oxylipins.

We also studied the reaction itself in more detail.
Incubations with H,*0O showed that *O was not incor-
porated into 9-hydroxy-traumatin, indicating that the
hydroxy group is not derived from water. Previously,
O,-uptake during the formation of hydroxy alkenals
and the formation of hydroperoxy alkenals was ob-
served (9, 15). This indicates that the oxygenation of
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(32)-alkenals to 4-hydroxy-(2E)-alkenals is a reaction
with molecular oxygen. Furthermore, we observed no
incorporation of **O in 9- and 11-hydroxy traumatin
upon incubation of traumatin with 13-HP**OD. Gard-
ner and Hamberg found some labelled HNE upon in-
cubation of (3Z)-nonenal with 13-HP'®0OD, but only to
an extent of 15.7% (8). This suggests that the majority
of 4-hydroxy-(2E)-alkenals is not formed by a direct
interaction with 13-HPOD/T. The induced formation of
HHE and HNE by 13-HPOD/T might therefore be due
to initiation of the oxygenation by radicals generated
by 13-HPOD/T. The formation of both 9- and 11-
hydroxy-traumatin indicates that the reaction might
occur via a C,;-C4 delocalized radical intermediate. The
lower amount of 11-hydroxy-traumatin compared to
the amount of 9-hydroxy-traumatin formed, might be
due to the proximity of the oxygen of the aldehyde
group, which could make an oxygen attack at C,, less
favorable than at C,. The influence of the pH on the
oxygenation remains unclear, since formation of 9- and
11-hydroxy-traumatin was optimal at low pH, whereas
the formation of HNE and HHE was optimal at pH 9.5
(15).

The results obtained here show that HHE, HNE and
9-hydroxy traumatin, are in vitro formed by autoxida-
tion of (32)-hexenal, (3Z)-nonenal and 12-ox0-(9Z)-
dodecenoic acid, probably similar to the autoxidation of
linoleic and linolenic acid. The 400- to 1000-fold lower
activity of LOX-1 with (3Z)-nonenal compared to lino-
leic acid (9), questions the significance of this enzy-
matic reaction in vivo. It is therefore likely that the
previously observed formation of 4-hydroxy-(2E)-
alkenals in crude extracts of plants is mainly due to
autoxidation. This might have implications for the pre-
viously proposed physiological significance of these
products in plants. However, 4-hydroxy-(2E)-alkenals
could be excellent markers to distinguish between au-
toxidative and enzymatic processes.
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