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Summary

Cleavage of 13-HPOD, 13-HPOT, 9-HPOD and 9-HPOT by potato tuber cell-free extracts was investi-
gated. 13-HPOD and 13-HPOT enzymes were degraded almost completely while 9-HPOD and
9-HPOT were partially transformed. GC-MS analysis of the volatile compounds formed during the
reactions revealed that (Z)-3 hexenal, (E)-2-hexenal, pentenols and dimers of pentene were obtained
from 13-HPOT while from 13-HPOD hexanal and pentan-1-ol were formed. No volatile was found
when 9-HPO isomers were used as substrate, but colneleic acid was produced. When Triton X-100
was omitted in the extraction buffer, only pentenols and dimers of pentene were identified from 13-
HPOT and pentan-1-ol from 13-HPOD. Our results reveal that potato tubers that contain Lox, which
forms mainly 9-HPO, are able to metabolise the four HPO isomers. Moreover, 13-HPO cleaving activ-
ities are due to two distinct enzymatic systems based on, respectively, homolytic and heterolytic
mechanisms. The fact that oxygenation of reaction medium dramatically decreases the amount of
product resulting from homolytic cleavage strengthens the hypothesis of an anaerobic reaction due
to Lox.

Key words: aldehyde – fatty acid hydroperoxide – heterolytic and homolytic hydroperoxide cleavage
– hydroperoxide lyase – potato tuber – Solanum tuberosum L.

Abbreviations: GC-MS = gas-chromatography mass spectrometry. – HPLC = high performance liq-
uid chromatography. – HPO = fatty acid hydroperoxide. – 13-HPOT = 13 hydroperoxide of linolenic
acid. – 13-HPOD = 13 hydroperoxide of linoleic acid. – 9-HPOT = 9 hydroperoxide of linolenic acid. –
9-HPOD = 9 hydroperoxide of linoleic acid. – Lox = lipoxygenase
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Introduction

Depending on the plant source and on reaction conditions,
plant Lox can form variable amounts of 13- and 9-HPOD/T.
HPO can be degraded further by different enzymatic path-
ways, into various compounds involved in essential physio-
logical roles in plants or responsible for the characteristic
«green note» odour of plants and fruits (Blée 1998). Within the
complex HPO-decomposing pathway, four main enzymatic
activities are described: allene oxide synthase that forms pre-
cursors of α- and γ-ketols and jasmonic acid (Froehlich et al.
2001), peroxygenase and epoxygenase that cause epoxida-
tion of HPO (Blée 1998), divinyl ether synthase that transforms
HPO into fatty acid divinyl ethers (Hoyaux et al. 2001), and
HPO lyase that cleaves HPO into aldehydes, alkanes or alco-
hols and oxo-acids (Delcarte et al. 2000).

In potato tubers, 9-HPO are mainly encountered as the
major Lox isoform is a typical 9-Lox (Hugues et al. 2001). The
following HPO decomposing activities have been described
in potato: divinyl ether synthase (Weber et al. 1999), HPO
lyase (Vancanneyt et al. 2001), peroxygenase and reductase
that catalyse the synthesis of hydroxy octadi(tri)enoic acids
(Göebel et al. 2001). Hamberg (1999) has also identified an
epoxy alcohol synthase and epoxy alcohol hydrolase that
transform HPO into trihydroxy octadecenoates or octadeca-
dienoates.

The present study reports on the crude potato cell-free ex-
tract ability to transform exogenous 9-HPOD/T and 13-HPOD/
T. The metabolisation of HPO was followed by HPLC, while
formed compounds were analysed by GC-MS or HPLC. We
report here on the occurrence of an homolytic and an hetero-
lytic cleavage activities of 13-HPO.

Materials and Methods

Plant material

Potato tubers (Solanum tuberosum L. cv. Bintje) were obtained from
local market.

Synthesis and analysis of HPO

9-HPOD and 9-HPOT were synthesised using potato Lox while 13-
HPOD and 13-HPOT were formed by soybean Lox. The HPO was ex-
tracted and purified using C-18 microcolumns. The purity, controlled
by HPLC, was higher than 95 % for the four HPO (Fauconnier et al.
1997).

Potato extracts

20 g of peeled potato tubers were homogenised in a warring blendor
(3 times 30 seconds on ice) with 40 mL of sodium phosphate buffer
(pH 6.7; 50 mmol/L) containing EDTA 3 mmol/L, DTT 3 mmol/L and,
when specified Triton X-100 0.2 % (W/V). The extract was centrifuged

(30 minutes, 4 ˚C, 30,000 g) and the supernatant was used directly as
crude extract.

UV determination of HPO metabolisation

The determinations were performed with an Ultrospec 4000 UV-visible
spectrophotometer (Pharmacia) at 234 nm. 100 µL of crude extract
were added to 2.9mL of sodium phosphate buffer (50mmol/L, pH 7.5)
containing the appropriate HPO (0.04mmol/L final concentration). Op-
timum reaction pH was determined by using sodium phosphate buffer
(50 mmol/L, pH from 6.5 to 8.0) and sodium borate buffer (50 mmol/L
from pH 8.0 to 9.0). All the experiments were performed in triplicate
and a control reaction was performed in the same conditions with a
thermally denatured extract (100 ˚C, 5 minutes). The control reaction
was systematically subtracted from the assays.

Reaction conditions for HPLC determinations

The appropriate HPO (5 mmol/L final concentration) was added to
2 mL of crude extract. The reaction was carried out, in triplicate, in
sealed vials (20 ˚C, 15 minutes) under shaking. A control reaction was
performed in the same conditions with a thermally denatured extract
(100˚C, 5 minutes).

Oxygen effect

Pure oxygen was bubbled during 5 minutes in 2 mL of crude extract
containing Triton X-100 before addition of 13-HPOT (5 mmol/L final
concentration). The reaction was carried out in triplicate in sealed
vials (20 ˚C, 15 minutes) with shaking. A control reaction was per-
formed in the same conditions with a thermally denatured extract
(100˚C, 5 minutes).

Determination of protein content

Protein content was determined by the Kjeldahl method using a Teca-
tor Kjeltec 1030 auto-analyser.

HPLC determination of remaining HPO

300 µL of methanol and 100 µL of 22 mmol/L hexadienol (internal
standard) were added to 100 µL of reaction medium. 50 µL of the re-
sulting mixture were injected on an Inertsil 5 ODS 2 column of
250×3mm for HPLC analysis with UV detection at 234nm. Elution sol-
vent (0.5 mL/min) was water/acetonitile/sodium phosphate solution
(20mmol/L, pH 2 adjusted with H3PO4) 45/45/10. Identification of HPO
was performed on the basis of retention time and UV spectrum by
comparison with reference compounds synthesised, extracted and
purified according to Fauconnier et al. (1997).

Volatile compounds analysis

The reaction medium (2 mL) was extracted twice with 2 mL of diethyl
ether. The ethereal fractions were pooled and submitted to GC-MS
analysis for identification (Delcarte et al. 2001). 1µL of ethereal extract
was injected in a Hewlett-Packard HP5890 series II gas chromato-
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graph coupled to a HP5972 mass spectrometer. A HP-5MS
(30×0.25mm, 1µm film thickness) column was used with the following
temperature program: from 35 ˚C to 125 ˚C (5 ˚C/min), then to 180 ˚C
(25 ˚C/min).

Quantification of volatile products was performed by GC-FID anal-
ysis on a Hewlett-Packard HP6890 gas chromatograph with the same
analytical conditions as with GC-MS analysis. Hexan-1-ol (5 mmol/L)
was used as internal standard. Extraction yields were considered
equal to 100 % and response factor equal to 1 for all the compounds.
The experiments were performed in triplicate.

Colneleic and colnelenic acid analysis

The pH of reaction medium (2 mL) was lowered to pH 3 with HCl 6 N
and extracted twice with 2 mL of diethyl ether. The ethereal fractions
were pooled and evaporated under a N2 flow. The residue was dis-
solved in 100 µL of acetonitrile. 100 µL of a solution (7mmol/L) of octa-
decadienoic acid conjugated (internal standard, Sigma O-5507) in
acetonitrile was added. 50µL of the resulting mixture were injected on
an Inertsil 5 ODS 2 column of 250 × 3 mm for HPLC analysis with UV
detection at 252 nm. Elution solvent (0.6 mL/min) was water (0.01 %
V/V trifluoroacetic acid)/acetonitile (0.01% V/V trifluoroacetic acid) 40/
60. The solvent gradient was: from 7min to 30min from 40/60 to 28/72,
from 30 min to 34 minutes from 28/72 to 0/100. 0/100 was maintained
until 45 min. Identification of colneleic acid and colnelenic acid was
performed on the basis of retention time and UV spectrum by com-
parison with reference compounds synthesised, extracted, purified by
preparative HPLC, esterified with diazomethane and identified by GC-
MS analysis according to Galliard and Phillips 1972). The experiments
were performed in triplicate.

12-oxo-9Z-dodecenoic acid analysis

Reaction media were pooled to obtain 10mL and the pH was adjusted
to 3 with HCl 6 N. The reaction products were extracted on C18 cart-
ridges (C18 Chromabond of 500 mg from Machery-Nagel). The micro-
column was rinsed with 10 mL of water and eluated with 2 mL of meth-
anol. The methanol was evaporated and the residue was redissolved
in methanol. The compounds were reduced by an excess of NaBH4

under a N2 flow. After reaction, excess of NaBH4 was eliminated by
HCl 0.1mol/L. The reduced compounds were extracted on C18 cart-
ridges as described before. The methanol was evaporated and the
compounds were esterified by diazomethane. The ether was removed
and the compounds were trimethylsilylated with BSTFA-TMCS in pyri-
dine. GC-MS analysis was performed as described in Suurmeijer et
al. 2000.

Results and Discussion

Cell-free extracts were prepared by grinding peeled potato
tubers (cv. Bintje) in a buffer containing Triton X-100 as deter-
gent. In a first attempt, the metabolisation of exogenous HPO
was followed spectrophotometrically at 234 nm. As shown in
Table 1, the enzymatic metabolisation of HPO is more pro-
nounced with the 13-HPO than with the 9-HPO, independent
of the presence of Triton X-100 in the extracts. Therefore, in
order to allow the identification and the quantification of the

Table 1. Spectrophotometric determination of HPO metabolisation by
potato tuber extracts (nmol of HPO degraded in one minute per mg of
protein). Control reactions were performed with a thermally denatured
extract. The results are the average of three determinations ± standard
deviations.

13-HPOT 13-HPOD 9-HPOT 9-HPOD

With Triton X-100 14±3 11±2 5±1 6±2
(nmol ·mg prot–1 ·min–1)
Without Triton X-100 16±3 13±2 7±2 7±2
(nmol ·mg prot–1 ·min–1)
Control 0 0 0 0

Figure 1. HPLC determination of HPO metabolisation by crude potato
tuber extracts. A: with Triton X-100 in extraction buffer. B: without Tri-
ton X-100 in the extraction buffer. Control reactions were performed
with a thermally denatured extract. The results are the average of
three determinations and standard deviations are shown on the fig-
ures.

formed products, the reactions were carried out for 15 minu-
tes with higher substrate concentrations and the HPO met-
abolisation was followed by HPLC. Figure 1 A confirms that
potato tuber cell-free extracts can metabolise the four HPO
isomers. The 13-HPO isomers are almost completely trans-
formed while 9-HPO isomers are only partially degraded after
the 15 minutes of reaction. This last result is surprising as, in
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Table 2. GC-FID determination of volatile compounds formed by the reaction of potato tuber extracts on HPO (nmol/mg prot.). Control reactions
were performed with a thermally denatured extract. /: no volatile compound detected. The results are the average of three determinations ±
standard deviations.

13-HPOT 13-HPOD 9-HPOT 9-HPOD

With (Z)-3 hexenal 172±24 Hexanal 160±26 / /
Triton X-100 (E)-2-hexenal 42± 8 pentan-1-ol 69±15

1-penten-3-ol 54±10
2-penten-1-ol 62±12
dimers of pentene (total) 22± 5

Without 1-penten-3-ol 49±12 pentan-1-ol 63±12 / /
Triton X-100 2-penten-1-ol 55±14

dimers of pentene (total) 20± 5

Control / / / /

Figure 2. GC-MS chromatogram of volatile compounds formed by the reaction of a crude potato tuber extract containing Triton X-100 on 13-
HPOT.

potato tubers, 95 % of HPO formed by Lox are 9-isomers (Hu-
gues et al. 2001). The enzymatic nature of the reaction was
confirmed by performing the experiments in the same condi-
tions with a crude extract that was thermally denatured. In
those conditions, no HPO decomposition was observed.

Very similar results were observed with a Triton X-100-free
extract (Fig. 1 B) indicating that soluble enzymes are mainly
responsible for the HPO decomposing activities.

GC-MS identification and GC-FID determination of the vo-
latile compounds formed (Table 2) revealed that when
9-HPOT/D were used as substrates, no volatiles were de-
tected, whereas our analytical method is adapted for the de-
tection of C9 aldehydes and alcohols that potentially can be
formed. Further investigations on the metabolisation of 9-HPO
(HPLC analysis) revealed that colneleic acid was formed from
9-HPOD (0.12 ± 0.02 µmol/mg prot) in the Triton X-100 con-
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taining extracts but no colnelenic acid could be detected
from 9-HPOT and in the control assays.

When 13-HPOT was used as substrate, the following vola-
tile compounds were identified: (Z)-3-hexenal, (E)-2-hexenal,
2-penten-1-ol, 1-penten-3-ol and seven isomers of dimers of
pentene (Fig. 2, Table 2), while in the case of 13-HPOD, he-
xanal and pentan-1-ol were identified. Pentane, which could
be expected in the homolytic cleavage of 13-HPOD, is co-
eluted with the solvent and is not detectable in our analytical
conditions. No volatiles were identified when thermally dena-
tured extracts were used. Moreover, in Triton X-100-free ex-
tracts, (Z)-3-hexenal, (E)-2-hexenal and hexanol were not de-
tected.

(Z)-3-hexenal, (E)-2-hexenal and hexanal, respectively bio-
synthesised from 13-HPOT and 13-HPOD, are the main volati-
les formed from the cleavage of 13-HPO. They are typical
products of hydroperoxide lyase, a membrane-bound en-
zyme that cleaves C-18 HPO into C-6 and C-12 fragments
(Fauconnier et al. 1997). The presence of HPO lyase was con-
firmed by GC-MS identification of 12-oxo-9Z-dodecenoic acid
(C-12 fragment) in the reaction media obtained by reaction of
Triton X-100 crude extracts on 13-HPOD and 13-HPOT.

Finding an HPO lyase that cleaves 13 HPO in a plant pro-
ducing mainly 9-HPO is quite unexpected, but the phenom-
enon has been reported in tomato fruits (Fauconnier et al.
1997). On the other hand, dimers of pentene and C-5 alcohols
result from the homolytic cleavage of HPO (Nunez et al.
2000). The amount of products formed by homolytic cleavage
is less important than by heterolytic cleavage, but the former
compounds are not negligible as, on a molar ratio basis, they
represent 39 % and 30 % of the volatile formed from 13-HPOT
and 13-HPOD respectively. The homolytic cleavage of HPO is
usually encountered in mushrooms and algae (Gardner 1991).
In starfish oocytes, the homolytic cleavage of arachidonic
acid hydroperoxide gives a C-7 hydroxyacid and C-13 alde-
hydes (Brash et al. 1991). Here are only a few reports of the
occurrence of such enzymatic activities in higher plants, in
olive oil (Angerosa et al. 1998) and in soybean (Kondo et al.
1995, Salch et al. 1995), but the enzyme responsible for their
synthesis is still unknown. Nevertheless, as reported by

Table 3. GC-FID determination of volatile compounds formed by the
reaction of potato tuber extracts containing Triton X-100 on 13-HPOT
with or without oxygenation of reaction medium (nmol/mg prot.). Con-
trol reactions were performed with a thermally denatured extract. /: no
volatile compound detected. The results are the average of three de-
terminations ± standard deviations.

Without oxygenation With oxygenation of
of reaction medium reaction medium

1-pentan-3-ol 54 ± 10 13 ± 4
2-pentan-1-ol 62 ± 12 14 ± 4
Pentene dimers (total) 22 ± 5 5 ± 2

Kondo et al. 1995, a soluble form of HPO lyase could be re-
sponsible for such an homolytic activity. Or, as suggested by
Salch et al. 1995, a secondary activity of Lox could explain
the homolytic cleavage of HPO. This assumption was streng-
thened by the study of Nunez et al. (2000) on the microalgae
species Chlorella. To confirm the hypothesis of Lox implica-
tion in the formation of C-5 fragments, further investigations
were performed. GC-FID analysis of the volatile compounds
formed was conducted with a reaction medium in which pure
oxygen was bubbled before the addition of 13-HPOT. A clear
decrease in the synthesis of C-5 compounds was observed
as shown in Table3.

In conclusion, our paper provides further support for the
extreme complexity of the HPO metabolisation in higher
plants. The study of the homolytic cleavage of HPO in higher
plants would require further investigations to confirm the role
of anaerobic Lox reaction and to understand the enzymatic
mechanisms involved. The role of the formed compounds in
plant metabolism would also be investigated. Moreover, it
would be interesting to clarify the role of 13-HPO cleaving ac-
tivities in a plant forming mainly 9-HPO.
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