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Hydroperoxides of 18:2n-6 and 20:4n-6 were obtained by autoxidation and photooxidation. The enan-
tiomers were separated as free acids (Reprosil Chiral-NR column, eluted with hexane containing 1–1.2%
alcoholic modifier) and analyzed by on line UV detection (234 nm) and liquid chromatography-MS/MS/MS
of carboxylate anions (A− → (A−-18) → full scan) in an ion trap. The combination of UV and MS/MS/MS
analysis facilitated identification of hydroperoxides even in complex mixtures of autoxidized or photoox-
utoxidation
ydroperoxy eicosanoids
ydroperoxy linoleic acids
S/MS fragmentation
ormal phase HPLC
hotooxidation

idized fatty acids. The signal intensities increased about two orders of magnitude by raising the isolation
width of A− from 1.5 amu to 5 or 10 amu for cis-trans conjugated hydroperoxy fatty acids, and one order
of magnitude or more for non-conjugated hydroperoxy fatty acids. The S enantiomer of 8-, 9-, 10-, and
13-hydroperoxyoctadecadienoic acids and the S enantiomer of cis-trans conjugated hydroperoxyeicosate-
traenoic acids eluted before the corresponding R enantiomer with two exceptions (11-hydroperoxylinoleic
acid and 8-hydroperoxyeicosa-5Z,9E,11Z,14Z-tetraenoic acid). The separation of enantiomers or regioiso-
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eprosil Chiral-NR mers could be improved b

. Introduction

Hydroperoxides of polyunsaturated fatty acids can be formed
on-enzymatically and by dioxygenases of animals, plants and

ungi [1,2]. Lipoxygenases are non-heme iron or manganese
nzymes, which transform polyunsaturated fatty acids to cis-trans
onjugated hydroperoxides [1,3]. The hydroperoxides are often
ormed with a high degree of stereo and position specificity. The
rototype plant lipoxygenase is soybean lipoxygenase-1, whereas
rachidonate 5-, 12-, and 15-lipoxygenases occur in humans and
nimals [1]. The human 5-lipoxygenase is of particular medical
nterest, as it forms leukotriene A4, an precursor to important medi-
tors of allergic inflammation and bronchial asthma, the cysteinyl
eukotrienes [4]. With only few exceptions, plant and mammalian
ipoxygenases form hydroperoxides with S-stereoconfiguration.
ipoxygenases forming hydroperoxides with R-stereoconfiguration

ccur in marine organisms [5], human [6] and mouse skin
7], and in the Take-all fungus, Gaeumannomyces graminis [3].
ydroperoxides can also be formed by heme-containing fatty
cid dioxygenases, viz. cyclooxygenases, linoleate diol synthases,

∗ Corresponding author at: Division of Biochemical Pharmacology, Department
f Pharmaceutical Biosciences, Uppsala University, P.O. Box 591, SE-751 24 Uppsala,
weden. Tel.: +46 18 471 44 55; fax: +46 18 55 29 36.
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choice of either isopropanol or methanol as alcoholic modifier.
© 2008 Elsevier B.V. All rights reserved.

inoleate 10R-dioxygenase and plant �-dioxygenases [1,2,8]. Steric
nalysis of produced hydroperoxides has emerged as an essential
ool for studies of important amino acid residues in the active site
or substrate positioning and catalysis [7,9–12].

The stereoconfiguration of fatty acid hydroperoxides was
rst determined by chemical methods, e.g., chemical degrada-
ion, derivatization, ozonolysis and separation of diastereoisomers
y gas chromatography–mass spectrometry. Using standards of
nown configuration, chiral phase HPLC has been used for steric
nalysis of hydroxy fatty acids. Enantiomeric separation of cis-trans
onjugated hydroxyeicosatetraenoic and hydroxyoctadecadienoic
ethyl esters was first reported on columns with dinitroben-

oyl �-phenylglycine [13]. At the same time, a series of chiral
olumns were developed based on a matrices with derivatized
mylose or cellulose (e.g., Chiralpak and Chiralcel series1), and
sed for steric analysis of cis-trans conjugated hydroxy fatty acids
7,14–16]. There is less information on separation of hydroper-
xy fatty acids. The enantiomers of methyl ester derivatives
f hydroperoxyeicosatetraenoic acids (HPETEs) were recently

eparated by chromatography on Chiralpak AD (amylose tris(3,5-
imethylphenylcarbamate coated on silica) in the reversed phase
ode with excellent resolution of the enantiomers [17]. Unfortu-

ately, the analytical Chiralpak and Chiralcel HPLC columns have

1 Home page (www.esslab.com/daicel chiral columns.htm).

http://www.sciencedirect.com/science/journal/15700232
mailto:Ernst.Oliw@farmbio.uu.se
http://www.esslab.com/daicel_chiral_columns.htm
dx.doi.org/10.1016/j.jchromb.2008.07.013
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ig. 1. Overview of hydroperoxides of 18:2n-6 formed by autoxidation and phot
ipoxygenases can form 9-, 11-, and 13-HPODE and heme-containing dioxygenases

wo draw-backs. First, they are very expensive1. Second, the immo-
ilized polysaccharide matrices can only be operated at relatively

ow pressures.
The Reprosil Chiral-NR columns contain silica with a cova-

ently bound chiral aromatic selector2. In many cases, separations
re comparable to matrices based on polysaccharides with chi-
al selectors discussed above. Unfortunately, the chiral selector of
eprosil Chiral-NR is not disclosed. Aromatics with oxygen or nitro-
en near the chiral center can often be separated, but we found
hat Reprosil Chiral-NR also could be used to separate the enan-
iomers of 10-hydroxyoctadeca-8E,12Z-dienoic acid (10-HODE) as
ree acids [18]. This prompted us to study whether this column
ould be used for enantiomeric separation of hydroperoxides of
8:2n-6 and cis-trans conjugated hydroperoxides of 20:4n-6 as free
cids.

There are two reasons to separate and isolate hydroperox-
des of 18:2n-6 and 20:4n-6 as free acids. First, hydroperoxides
an be enzymatically transformed but not their methyl esters.
or example, (8R)-hydroperoxyoctadecadienoic (8R-HPODE) can
e isomerized to dihydroxy fatty acids by fungal diol synthases
nd (12R)-hydroperoxyeicosa-5Z,8Z,10E,14Z-tetraenoic acid (12R-
PETE) to epoxyalcohols by epidermal lipoxygenase-3 in human

kin [2,19,20]. Second, hydroperoxy fatty acids can be detected
nd conveniently identified by negative ion electrospray ionization
ass spectrometry [21,22]. This is of particular value for hydroper-

xides without cis-trans configuration (and without UV absorbance
t 234 nm). An overview of hydroperoxides of 18:2n-6, which are
ormed by autoxidation and photooxidation, is shown in Fig. 1. A

ajority of these hydroperoxides can also be formed by dioxyge-
ases.

In recent work on biosynthesis of 8R-HPODE and (10R)-hydro-
eroxy-8E,12Z-octadecadienoic acid (10R-HPODE) by Aspergilli [2],

e noted that 10R-HPODE could not be directly identified by
S/MS/MS analysis of the carboxylate anion, whereas 8R-HPODE
as readily detected. Our first goal was to compare the stability of
ifferent hydroperoxides of 18:2n-6 and 20:4n-6 during isolation

2 Home page (www.dr-maisch.com/maisch/content/chiral nr.html).
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ation. A majority of these hydroperoxides can also be formed by dioxygenases.
10-HPODE.

n the gas phase of an ion trap mass spectrometer. We found that
he stability of the carboxylate anions of hydroperoxides differed
nd was critically dependent on the isolation width. Our second
oal was to evaluate a silica-based chiral chromatography column
Reprosil Chiral-NR) for separation of HPODE and HPETE as free
cids with on-line UV and MS/MS/MS analysis. We found that the
eprosil Chiral-NR column could resolve all available enantiomers
f HPODE and the cis-trans conjugated HPETE in the normal phase
ode. The hydroperoxides are transformed by collision-induced

issociation in the mass spectrometer to the corresponding keto
atty acids [21,22], and we also report the fragmentation of some
ydroperoxides and keto fatty acids.

. Materials and methods

.1. Materials

18:2n-6 (99%) was from Sigma–Aldrich and 18:3n-3 (99%)
as from Merck. U[13C]18:2n-6 (98%), 20:4n-6 (99%) and 10-
ODE were from Larodan. Hydroperoxides of 20:4n-6 and
8:2n-6 were prepared by autoxidation in the presence of
-tocopherol (67%, Sigma) [17]. Hydroperoxides were also pre-
ared by photooxidation with methylene blue in methanol
23]. The hydroperoxides were purified from fatty acids and
olar products on silica (Silicar, CC-4, Mallinckrodt, or SepPak,
aters) with increasing concentrations of diethyl ether in hex-

ne [2]. (5S)-Hydroperoxyeicosa-6E,8Z,11Z,14Z-tetraenoic acid
5S-HPETE), (5S)-hydroxyeicosa-6E,8Z,11Z,14Z-tetraenoic acid
5S-HETE), (12S)-hydroperoxyeicosa-5E,8Z,10Z,14Z-tetraenoic
cid (12S-HPETE), (11S)-hydroxyeicosa-5Z,8Z,12E,14Z-tetraenoic
cid (11S-HETE), (9S)-hydroxyeicosa-5Z,7E,11Z,14Z-tetraenoic
cid (9S-HETE), (8S)-hydroxyeicosa-5Z,9E,11Z,14Z-tetraenoic acid
8S-HETE) and 8R-HETE were from Cayman. Hydroperoxides
r alcohols with known configuration (e.g., 8R-HPODE, (9S)-

ydroxyoctadeca-10E,12Z-dienoic acid (9S-HODE), 10R-HPODE,
11S)-hydroperoxylinoleic acid (11S-HPODE), (11S)-hydroperoxyl-
nolenic acid (11S-HPOTrE), (13R)-hydroperoxyoctadeca-9Z,11E-
ienoic acid (13R-HPODE), (13R)-hydroperoxyoctadeca-9Z,11E,15Z-
rienoic acid (13R-HPOTrE), (15S)-hydroperoxyeicosa-5Z,8Z,11Z,

http://www.dr-maisch.com/maisch/content/chiral_nr.html
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pared to 10 amu. The increase in signal intensity from 5 amu vs.
10 amu was much larger for 5-HPETE than for 15- and 12-HPETE
(Table 1). Increasing the isolation width to 30 amu did not further
augment the signal of 5-HPETE.

Table 1
Total ion intensities during LC-MS/MS/MS analysis of 5-, 12-, and 15-HPETE with
different isolation widths of the carboyxlate anions

Isolation width Total ion current (%)a

(amu) 15-HPETE 12-HPETE 5-HPETE

1.5 <1.5 <1.5 0
2.5 34 30 <1.5
5 82 81 43
2 U. Garscha et al. / J. Chro

3E-tetraenoic acid (15S-HPETE) were obtained by biosynthesis
sing soybean lipoxygenase-1 (Lipoxidase IV; Sigma), recombinant
n-lipoxygenase [24], tomato lipoxygenase [25], and the 8R- and

0R-dioxygenase activities of Aspergillus fumigatus Fresen. [2]. The
ydroperoxides/alcohols were purified by RP-HPLC or NP-HPLC
s described [18] and hydroperoxides were reduced to alcohols
y treatment with triphenylphosphine or NaBH4 (Sigma-Aldrich).
eprosil Chiral-NR column (8 �m; 250 mm × 2 mm; Dr. Maisch
mbH, Ammerbuch, Germany) was purchased locally (Dalco
hromTech). 9-, 10-, 12- and 13-ketooctadecadienoic acids (KODE)
nd 5-,8-, 9-, 11-, 12-, and 15-ketoeicosatetraenoic acids (KETE)
ere prepared by Dess-Martin oxidation of the HODE and HETE,

espectively [18]. The keto compounds were separated by HPLC
nd characterized by UV and MS/MS analysis.

.2. HPLC-MS analysis

Analytical RP-HPLC was performed as described [18]. For
reparative separation of autoxidation products, we used a
0 mm × 150 mm column (Reprosil 100 ODS-A, 5 �m; Dr. Maisch,
mmerbuch, Germany), eluted with methanol/water/acetic acid,
0/10/0.1). NP-HPLC with on-line MS/MS and MS/MS/MS analysis
as performed on silica with an analytical column (Kromasil-

00SI; 250 mm × 2 mm, 5 �m, 100 Å), which was eluted at
.3–0.5 ml/min with hexane/acetic acid, 1000/0.1, containing
.2–1.5% isopropanol, using a ConstraMetric 3200 pump. The efflu-
nt passed a photodiode array detector (5 cm path length, Surveyor
DA, ThermoFischer). The effluent was then combined in a T-
unction with isopropanol/water (3/2; 0.2–0.3 ml/min) from a
urveyor MS pump and subject to electrospray ionization in an
on trap mass spectrometer (LTQ, ThermoFischer) with monitor-
ng of negative ions. The mixing of the two solvents reduced the
tability of the spray. Therefore, the number of microscans was
ften increased and the Gaussian algorithm for peak smoothing
as employed (Xcalibur program, setting 15). The heated transfer

apillary was set at 310 ◦C and we used the default values for the
ollision energy (35; arbitrary scale) and for the Q-value (0.25). The
on isolation width was initially set to 1.5, 2.5, 5 or 10 amu for MS/MS
nalysis of hydroperoxide anions (A−) and at 1.5 amu for sequential
S/MS analysis of A−-18. As a compromise between selectivity and

ignal intensity we used an isolation width of 5 amu for hydroper-
xides, if not otherwise stated. PGF1� (100 ng per min) was infused
or tuning, and a service engineer of ThermoFischer recalibrated
he waveforms of the instrument before this study.

CP-HPLC analysis of HPODE and HPETE was performed with
eprosil Chiral-RN, which was eluted at 0.5 ml/min with hex-
ne/acetic acid, 1000/0.1, containing 1–1.5% of an alcoholic modifier
1.2–1.5% isopropanol, 1.2% ethanol, or 1% methanol). The effluent
rom the chiral column was combined with isopropanol/water (3/2;
.3 ml/min) from a Surveyor MS pump and analyzed by MS/MS as
escribed above.

The elution of enantiomers of 12-HPETE, 15-HPETE, and 5-
PETE was determined from retention times of 12S-HPETE,
5S-HPETE and 5S-HPETE, respectively. The elution of enantiomers
as also determined by reducing the fractions containing separated

nantiomers with triphenylphosphine and CP-HPLC analysis of the
lcohols. CP-HPLC analysis of 9-HODE, 8-HETE and 11-HETE was
erformed with a Chiralcel OB-H column (250 mm × 4.6 mm; Dai-
el), which was eluted with 5 or 7% isopropanol in hexane/acetic
cid, 1000/0.1 (0.5 ml/min), and combined in a T-junction with

sopropanol/water to generate ions for MS/MS analysis. Steric anal-
sis of 9-HETE was performed by analysis on Reprosil Chiral-NR
ith 1.2% isopropanol in hexane. Steric analysis of 5-HETE was per-

ormed on Chiralcel OC (250 mm × 4.6 mm; Daicel; eluted with 7%
sopropanol in hexane at 0.5 ml/min).

a
a
w
a
a

gr. B 872 (2008) 90–98

. Results

.1. Isolation width and signal intensities of hydroperoxides and
lcohols

.1.1. HPOTrE and HPODE
We infused 13R-HPOTrE for electrospray ionization and mea-

ured the signal intensity of the carboxylate anion at m/z 309 in
he full scan mode. As we reduced the isolation width, the signal
ntensity declined. The intensity was ∼7 × 105 using an isolation

idth of 5 or 7 amu, ∼3 × 105 at an isolation width of 2.5 amu, and
educed to ∼4 × 103 at 1.5 amu (thus less than 0.5% of the signal
ntensity at 5 and 7 amu).

We next investigated whether hydroperoxides of 18:2n-6 dif-
ered in their isolation stability during isolation and MS/MS/MS
nalysis in the ion trap. We first compared two non-conjugated
ydroperoxides, 8R-HPODE and 10R-HPODE, formed by A. fumi-
atus [2]. 8-HPODE appeared to be more stable than 10-HPODE
Fig. 2A). We also compared a bisallylic hydroperoxide, 11S-
POTrE, with a cis-trans conjugated hydroperoxide, 13R-HPOTrE.
oth hydroperoxides are formed by Mn-lipoxygenase [12]. As

llustrated in Fig. 2B, 11-HPOTrE was clearly detected even
t an isolation window of 1.5 amu, whereas 13R-HPOTrE only
as detected at a larger isolation width. Finally, we compared

he signal intensities of the two cis-trans conjugated hydroper-
xides, 9-hydroperoxyoctadeca-10E,12Z-dienoic acid (9-HPODE)
nd 13-HPODE with two non-conjugated, 10-HPODE and 12-
ydroperoxyoctadeca-9Z,13E-dienoic acid (12-HPODE), obtained
y photooxidation (Fig. 3). 12-HPODE yielded sufficiently strong
ignal for identification at 1.5 amu (not shown), and all four prod-
cts were detected at 2.5 amu.

In conclusion, the signal intensities of HPODE and HPOTrE
ncreased with a larger isolation width. Some non-conjugated
ydroperoxides (8-HPODE, 11-HPODE, 11-HPOTrE, 12-HPODE)
ppeared to be more stable during isolation than 10-HPODE and cis-
rans conjugated hydroperoxides (9- and 13-HPODE, 13-HPOTrE;
igs. 2 and 3).

.1.2. HPETE
The signal intensities of 5S-HPETE, 12S-HPETE and 15S-HPETE

ere recorded during RP-HPLC-MS/MS/MS analysis (m/z 335 → m/z
17 → full scan) using an isolation width of 1.5, 2.5, 5 and 10 amu at
/z 335 (Table 1). The compounds were undetectable at 1.5 amu

signal below 1%). 15-HPETE and 12-HPETE were detectable at
.5 amu, and the signal intensities was 20% lower at 5 amu com-
a The area under the Gaussian curves of the total ion current during MS/MS/MS
nalysis (m/z 335 → m/z 317 → full scan) were measured during RP-HPLC analysis
nd expressed in percent of the area under the peaks obtained with an isolation
idth of 10 amu (set to 100%). The HPETEs were injected three times and each time

nalyzed with four isolation widths (1.5, 2.5, 5 and 10 amu) in otherwise identical
cquisition programs.
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Fig. 2. LC-MS/MS analysis of 8R-HPODE, 10R-HPODE, 11S-HPOTrE and 13R-HPOTrE using three different isolation widths. (A) 8- and 10-HPODE were separated by RP-HPLC
and analyzed with an isolation width of 1.5, 2.5 and 5 amu, respectively (first, second and third chromatogram). The traces show the total ion current during MS/MS/MS
analysis (m/z 311 → m/z 293 (isolation width 1.5 amu) → full scan). The bottom chromatogram shows UV analysis with monitoring of 208 nm. (B) 11S- and 13R-HPOTrE were
s idth 1
2 op chr
1 .5 amu
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Reprosil Chiral-NR separated the six cis-trans conjugated
HPETEs, which were obtained by autoxidation, with isopropanol
(1.2%) and with methanol (1%) as alcoholic modifiers as shown in
Figs. 6 and 7. A comparison of 1.2% isopropanol with 1% methanol
as alcoholic modifiers showed that isopropanol enhanced the reso-

Table 2
Characteristic and intense ions formed during LC-MS/MS/MS analysis of carboxylate
anions of HPODE and HPETE

HPODE →KODE Characteristic ions (m/z)a Reference

8-HPODE →8-KODE 171 183 [21]
9-HPODE →9-KODE 185 197 [20,25]
10-HPODE →10-KODE 139 153
11-HPODE →11-KODE 151 177 [21]
12-HPODE →12-KODE 165 191
13-HPODE →13-KODE 113 179 195 [20,25]

HPETE →KETE Characteristic ions (m/z)a Reference

5-HPETE →5-KETE 129 203 163 [20]
8-HPETE →8-KETE 111 163 169 205
9-HPETE →9-KETE 151 193 219
11-HPETE →11-KETE 123 149 165
12-HPETE →12-KETE 153 161 179 [20]
14-HPETE →14-KETE 125 165 191
eparated by RP-HPLC and analyzed by MS/MS/MS (m/z 309 → m/z 291 (isolation w
.5 and 5 amu, as shown by the three chromatograms, respectively. Peak I of the t
3-HPOTrE/13-KOTrE could not be detected in peak II with this isolation width (1
onitoring at 234 nm. Monitoring at 208 nm suggested that 11- and 13-HPOTrE we

.1.3. HOTrE
In contrast to the hydroperoxides, we found that the signal

ntensities of two alcohols, 11- and 13-HOTrE, did not increase sig-
ificantly during MS/MS by raising the isolation width (from 1.5 to
.5 and 5 amu).

.2. Enantiomeric separation of hydroperoxides of 18:2n-6 and
0:4n-6

.2.1. Analysis of HPODE with isopropanol as alcoholic modifier
The separation of enantiomers of 9-, 10-, 12- and 13-HPODE

n Reprosil Chiral-NR is shown in Fig. 4A. The elution order of
he cis-trans conjugated hydroperoxides was 13S-HPODE, followed
y 9S-HPODE and 13R-HPODE (partly resolved) and 9R-HPODE
sing 1.5% isopropanol as alcoholic modifier. The correspond-

ng alcohols eluted before the corresponding hydroperoxides.
he enantiomers of 10-HPODE were resolved (10S-HPODE eluted
efore 10R-HPODE) as well as the two enantiomers of 12-HPODE
unknown elution order). These compounds could be detected
y reconstructed ion chromatograms using characteristic ions
Table 2).

We also examined 11-HPODE and 8-HPODE. Rac 11-HPODE was
artly separated on the Reprosil Chiral-NR column into the 11R and
1S stereiosomers as shown in Fig. 5A using 1.2% isopropanol as
odifier. The 11R enantiomer eluted before the 11S enantiomer.
8-HPODE from biosynthesis (A. fumigatus) and autoxidation was

urified by RP- and NP-HPLC. Rac 8-HPODE was resolved as shown
n Fig. 5B, and the S stereoisomer eluted before the R stereoisomer
resolution ∼1.1). Analysis of the biologically produced 8-HPODE
y A. fumigatus yielded 3% of the S and 97% of the R stereoisomers

n agreement with previous results [18].

.2.2. Analysis of HPODE with methanol as alcoholic modifier
The separation of the regioisomeric cis-trans conjugated HPODE

as enhanced using 1% methanol as alcoholic modifier compared

1

b
a
t

.5 amu) → full scan. The signal intensities increased with the isolation width of 1.5,
omatogram yielded a characteristic MS/MS/MS spectrum of 11-HPOTrE, whereas
). NL, normalized intensity (2.1 × 105 was set to 100%). Bottom, UV analysis with
sent in a ratio of ∼1:4.

o 1.2% isopropanol, as indicated in Fig. 4B. However, the resolution
f the pairs of enantiomers of 9-, 10-, 12, and 13-HPODE was not
mproved.

Ethanol (1.2%) as alcoholic modifier did not alter the resolution
btained with 1.2% isopropanol.

.2.3. Analysis of HPETE with isopropanol or methanol as
lcoholic modifiers
5-HPETE →15-KETE 113 219 203 [20]

a MS/MS/MS analysis (A− → (A−-18) → full scan) also yielded intense signals and
ase-peaks at A−-(18 + 44), due to sequential loss of water and CO2, and other ions,
s illustrated in Figs. 8 and 9. The MS/MS/MS spectra of the hydroperoxides appear
o be identical to the corresponding keto compounds.



94 U. Garscha et al. / J. Chromatogr. B 872 (2008) 90–98

Table 3
Resolution of enantiomers of HPETEs as free acids on Reprosil Chiral-NR

Resolution

Hexane/isopropanol (100/1.2) Hexane/methanol (100/1)

5-HPETE 1.1 0.9
8-HPETE 1.6 1.1
9-HPETE ND 1.2
11-HPETE 1.5 1.6
12-HPETE 1.7 1.2
15-HPETE 2.1 1.4
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he S enantiomer eluted before the R entantiomer with exception of 8-HPETE.
nantiomers of 9-HPETE could not be identified in the complex mixture of hydroper-
xides, which were only partly resolved with 1.2% isopropanol as alcoholic modifier.
D, not determined.

ution of enantiomers, whereas methanol improved the resolution
f regioisomeric hydroperoxides (Table 3; Figs. 6 and 7).

The cis-trans conjugated enantiomers with S configuration
luted before the enantiomers with R configuration with one excep-
ion, 8-HPETE. With 1% methanol as modifier, the regioisomeric
PETEs were partly resolved, except 11-HPETE and 15-HPETE. The
enantiomers of 11- and 15-HPETE co-eluted and so did the R

nantiomers of 11- and 15-HPETE, as shown in Fig. 7. 9-HPETE and

-HPETE yielded strong UV signals, but the intensity of the total

on current of 9-HPETE and 5-HPETE was much lower than for the
ther HPETEs at an isolation width of 5 amu. Increasing the isola-
ion width to 10 amu more than doubled the signal of 5-HPETE, as
iscussed above.

ig. 3. LC-MS/MS analysis of hydroperoxides of 18:2n-6 obtained by photooxidation
t different isolation widths of the hydroperoxide anions. Top, the trace shows the
otal ion current in the MS/MS/MS analysis: m/z 311 (isolation width 1.5 amu) → m/z
93 (isolation width 1.5 amu) → full scan. The hydroperoxides were not detected
xcept for traces of 12-HPODE. The second trace shows the total ion current in the
S/MS/MS analysis m/z 311 (isolation width 2.5 amu) → m/z 293 (isolation width

.5 amu) → full scan, and all four HPODE were detected, and 12-HPODE (peak II)
ielded the strongest signal. Peak I, III and IV contained 13-, 10-, and 9-HPODE. The
hird trace shows the total ion current in the MS/MS/MS analysis m/z 311 (isolation
idth 5 amu) yielding a further improved signal intensity. NL, normalized intensity

1.3 × 104 set to 100% at top, and 1.3 × 106 set to 100% in second and third trace). The
ottom trace shows UV analysis with monitoring at 234 nm.

Fig. 4. Separation of HPODE on Reprosil Chiral-NR with isopropanol and with
methanol as modifier and with detection of characteristic ions. (A) LC-MS analysis
with isopropanol as modifier. Top, Total ion current showed five distinct peaks. The
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econstructed ion chromatograms below were used to identify the enantiomers: m/z
13 (13-HPODE), m/z 165 (12-HPODE), m/z 153 (10-HPODE) and m/z 185 (9-HPODE).
B) Separation of enantiomers of 13- and 9-HPODE with 1% methanol as modifier
UV analysis), as indicated by the lettering.

Photooxidation of 20:4n-6 yielded a similar profile of cis-trans
onjugated hydroperoxides. In addition, 14-hydroperoxyeicosa-
Z,8Z,11Z,15E-tetraenoic acid was tentatively identified as two
artly separated enantiomers (1.2% isopropanol), which eluted
etween the right shoulder of 12S-HPETE and 12R-HPETE, and
howed expected fragments during MS/MS/MS analysis.
.3. Enantiomeric separation of HETE and HODE

.3.1. Reprosil Chiral-NR
We found that the enantiomers of 9-HETE were resolved with

.2% isopropanol as alcoholic modifier, but the other HETEs were
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Fig. 5. Chromatography of 11-HPODE and 8-HPODE on Reprosil Chiral-NR. (A) Par-
tial separation of the enantiomers of 11-HPODE on Reprosil Chiral-NR. Top, analysis
of rac 11-HPODE. Bottom, analysis of 11S-HPODE. The figure shows reconstructed
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in Fig. 8. The MS/MS spectrum of 12-KODE (m/z 293 → full scan)
showed two strong signals at m/z 191 and m/z 165, in addition to
fragments formed by loss of water (m/z 275) and CO2 (m/z 249).
The corresponding ions of the MS/MS/MS spectrum of U[13C]12-
HPODE (m/z 329 → m/z 311 → full scan) were apparently present
on chromatograms of MS/MS/MS analysis (m/z 151). (B) Separation of rac 8-HPODE
top) and 8R-HPODE (bottom). The figure shows reconstructed ion chromatograms
f MS/MS/MS analysis (m/z 171).

ot separated. The elution order was the same as for 9-HPETE (9-
PETE eluted before 9R-HPETE). The enantiomers of 10-HODE can
e resolved on Reprosil Chiral-NR [18]. The enantiomers of 12-
ODE were also partly resolved.

.3.2. Chiralcel OB, OC, and OD
The six cis-trans conjugated HETEs and 9-HODE were separated

s free acids as follows: 15-HETE, 12-HETE, 11-HETE, 8-HETE and
-HODE on Chiralcel OB-H [7,11]; 5-HETE on Chiralcel OC (5R-HETE

luted before 5S-HETE) with 5–7% isopropanol; 15-HETE on Chiral-
el OD-H (10% isopropanol)3.

3 Unpublished observations.
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ig. 6. Separation of HPETEs on Reprosil Chiral-NR with isopropanol as alcoholic
odifier. LC-MS/MS/MS analysis (m/z 335 → m/z 317 → full scan) showing the total

on current and selective ion monitoring of characteristic ions of 12-HPETE, 11-
PETE, 15-HPETE, and 8-HPETE, respectively.

.4. MS/MS/MS analysis

.4.1. HPODE and KODE
HPODEs were converted to keto compounds in the mass spec-

rometer [21,26], but the fragmentation of 10- and 12-KODE has
ot been investigated. We therefore prepared U[13C]12-HPODE and
[13C]10-HPODE for comparison with 12- and 10-KODE.

The MS/MS/MS spectrum of 12-HPODE (m/z 311 → m/z
93 → full scan) was almost identical to the MS/MS spectrum
f 12-KODE (m/z 293 → full scan). The MS/MS/MS spectrum of
[13C]12-HPODE and the MS/MS spectrum of 12-KODE are shown
ig. 7. Separation of HPETEs on Reprosil Chiral-NR with methanol as alcoholic mod-
fier. Top, total ion current from MS/MS/MS analysis (m/z 335 → m/z 317 → full scan).
he ion intensities of 9-HETE and 5-HETE were low compared to the other HPETEs.
ottom, UV analysis (234 nm). The enantiomers eluted as indicated. The S and R
nantiomers of 15-HETE and 11-HETE co-eluted. TIC, total ion current.
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Fig. 8. MS analysis of 12-KODE and U [13C]12-HPODE. 12-KODE was analyzed by
MS/MS analysis of the carboxylate anion (m/z 293, top) and U[13C]12-HPODE by
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appeared to have a large capacity for enantiomeric separation of
S/MS/MS analysis of the carboxylate anion (m/z 327 → m/z 311 → full scan). The
ragments m/z 165 and m/z 191 might possibly be formed in the gas phase of the ion
rap, as suggested by the chemical structures on top.

t m/z 204 (191 + 13) and m/z 176 (165 + 11). The intense signals at
/z 191 and m/z 165 were further studied by MS/MS/MS analysis of

2-KODE. Analysis of the daughter ion formed by loss of water (A−-
8; m/z 293 → m/z 275 → full scan) yielded signals both at m/z 191
nd m/z 165, whereas analysis of the daughter ion formed by loss of
O2 (A−-44; m/z 293 → m/z 249 → full scan) only yielded the latter.
nalysis of the fragmentation of the ion at m/z 191 (m/z 293 → m/z
91 → full scan) yielded a base-peak at m/z 173 (191 − 18), whereas
nalysis of m/z 165 (m/z 293 → m/z 165 → full scan) yielded signals
t both m/z 147 (165 − 18) and m/z 111 (165 − 44). This suggested
hat the signal at m/z 191 was formed by loss of CO2 and C4H10. The
ignal at m/z 165 was possibly due to cleavage between C-7 and C-8,
s suggested in Fig. 8.

A comparison of the MS/MS spectrum of 10-KODE and the
S/MS/MS/spectrum of U[13C]10-HPODE suggested that the sig-
al at m/z 153 in the spectrum of 10-KODE was shifted to m/z
63 (153 + 10) in the MS/MS/MS spectrum of U[13C]10-HPODE,
uggesting formation of a fragment with 10 carbons (possibly
2C C(O−) CH2 CH CH C5H11).
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.4.2. HPETE and KETE
The MS/MS/MS spectra of 5-, 12-, and 15-HPETE were identi-

al with the MS/MS spectra of 5-, 12-, and 15-KETE, as reported
y MacMillan and Murphy [21]. The MS/MS spectra of 8-KETE, 9-
ETE and 11-KETE were not reported, and they are shown in Fig. 9.
haracteristic ions are summarized in Table 2. The fragmentation
echanisms proposed by the inserts in Fig. 9 was supported by
S/MS/MS analysis (m/z 317 → m/z 299 → full scan; m/z 317 → m/z

73 → full scan).
Due to the shift in position of the keto groups in 5-KETE, 8-

ETE and 11-KETE, the signals at m/z 203 and m/z 129 of 5-KETE
ould be related to the signals at m/z 163 (203 − 40) and m/z
69 (129 + 40, weak) of 8-KETE (Table 2). In analogy 15-KETE, 12-
ETE and 9-KETE showed signals at m/z 113, m/z 153 (113 + 40)
nd m/z 193 (113 + 80), respectively, possibly due to fragments
arrying the � end. 15-KETE and 12-KETE also showed signals
t m/z 219 and m/z 179 (219 − 40), respectively. Fragment ions
an be formed by many mechanisms, and some are not specific
or the position of the keto groups (cf. Table 2). The MS/MS/MS
pectrum of 14-HPETE showed signals, inter alia, at m/z 191,
/z 165 (likely H2C CH CH CH C(O−) CH C5H11, in analogy
ith this fragment of 12-HPODE discussed above) and m/z 125

H2C CH C(O−) CH C5H11).

.5. Biological application

Mn-lipoxygenase oxidizes [14C]18:2n-6 to 11S-HPODE (∼17%),
3R-HPODE (∼80%) and a few percent 9-HPODE [27,28]. The prod-
cts formed by recombinant Mn-lipoxygenase were analyzed by
P-HPLC-MS/MS. The total ion current showed 11S- and 13R-
PODE as major products, whereas 9-HPODE was detected by

elective ion monitoring (Fig. 10). The major isomer of 9-HPODE had
he same retention time as 9S-HPODE, and the 9S and 9R stereoiso-

ers were formed in a 6:1 ratio.

.6. Regeneration

Operated in RP mode (methanol/water/acetic acid, 65/35/0.01),
he Reprosil Chiral-NR column did not separate the enan-
iomers of HPETE. The Reprosil Chiral-NR column was successfully
egenerated for normal phase chromatography by washing
0.3 ml per min) with isopropanol, ∼30 column volumes of hex-
ne/dimethoxypropane/acetic acid, 95/2.5/2.5, and 2% isopropanol
n hexane, as described for regeneration of silica columns [29].

. Discussion

We report that Reprosil Chiral-NR is useful for separation of
PODE and HPETE as free acids, in many cases with base-line reso-

ution. Resolution of enantiomers was improved with isopropanol
s alcoholic modifier compared to methanol, but separation of
he regioisomeric hydroperoxides appeared to be superior with

ethanol. This column provides an alternative to the more expen-
ive but versatile columns of the Chiralcel and Chiralpak series1

15,17].
Many biological studies on oxygenation of fatty acids are com-

licated due to reduction of hydroperoxides by enzymatic or
on-enzymatic routes to alcohols. It was therefore disappointing
hat the Reprosil Chiral-NR column only separated the enan-
iomers of 10- and 12-HODE and 9-HETE. Nevertheless, this column
ifferent hydroperoxy fatty acids as free acids. The S stereoisomers
luted before the R stereoisomers with exception of 8-HPETE and
1-HPODE. The elution order of hydroperoxide enantiomers must
herefore be confirmed by analysis of stereoisomers with known
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ig. 9. MS/MS spectra of 8-KETE, 9-KETE and 11-KETE. The inserts suggest cleavage
ubject to keto-enol tautomerism, as indicated by the insets.
onfiguration, or confirmed by steric analysis of the corresponding
lcohols after reduction.

The separation of hydroperoxids is of practical value for several
easons. The profile of hydroperoxides formed by lipoxygenases

ig. 10. Stereospecific oxygenation of 18:2n-6 by Mn-lipoxygenase. The hydroper-
xides were separated by CP-HPLC (Reprosil Chiral-NR) using 1.2% isopropanol as
lcoholic modifier. The top chromatogram shows the total ion current (TIC) of MS/MS
nalysis (m/z 311 → m/z 293 → full scan) and the two major products formed by
xidation at C-13 and C-11. The bottom chromatogram shows selective reaction
onitoring of m/z 185, a characteristic fragment of 9-HPODE (Table 2). 9S- and 9R-
PODE were formed in a ratio of ∼6:1, and constituted only a few percent of the

otal products. NL, normalized intensity (2.1 × 105 was set to 100% in the top chro-
atogram and 2.6 × 103 to 100% in the bottom chromatogram). The top drawing

llustrates the stereospecific oxygenation at C-13, C-11, or C-9 of the pentadienyl
adical formed by Mn-lipoxygenase, and shows the relative amounts of the three
etabolites in percent.
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ts for generating of characteristic ions, as indicated. The keto compounds could be

nd other fatty acid dioxygenases are often used for classifica-
ion and as a direct proof of a dioxygenase reaction. This can be
llustrated by analysis of products formed by Mn-lipoxygenase.
he latter forms 11S-HPODE, 13R-HPODE and small amounts of
-HPODE [27,28]. Steric analysis of 9-HPODE by CP-HPLC-MS/MS
howed that 9S-HPODE was the major stereoisomer. Binding in the
pposite direction (“head first”) would generate 9R-HPODE. This
uggests that 18:2n-6 is strictly bound with the �-end in the active
ite (“tail first”) so that oxygen is inserted at C-13, C-11 or C-9 at one
ide of the pentadienyl radical, as illustrated in Fig. 10. For compar-
son, soybean lipoxygenase can bind 18:2n-6 both “head first” and
tail first” in a pH dependent manner [30].

Hydroperoxides can be converted to biologically active com-
ounds, and it is therefore a need to isolate them for further studies.
o this respect, hydroperoxides can be obtained by biosynthesis or
y autoxidation or photooxidation of polyunsaturated fatty acids
17]. 12S-HPETE, 8S-HPETE, and the enantiomers of 5-HPETE were
esolved on Reprosil Chiral-NR from other HPETEs formed during
utoxidation of 20:4n-6. 12S-HPETE eluted first, but the elution
rder of 12S-and 12R-HPETE can be reversed on a column, which
ontains the opposite enantiomeric chiral selector2. It should there-
ore be possible to purify 12R-HPETE from autoxidation on the
lternative column as the first eluting hydroperoxide. In compari-
on, several steps of chromatography will be needed to purify the
nantiomers of 8-HPODE from autoxidation of 18:2n-6 for biolog-
cal studies, as 8-HPODE is formed only as a minor product, about
% [31]. The 8R enantiomer is of interest as the precursor of the
ydroperoxide isomerase activity of 5,8-, 7,8-, and 8,11-linoleate
iol synthases [2].

The hydroperoxides were assayed on-line by UV analysis and
lectrospray ionization with monitoring of negative ions during
S/MS/MS analysis. The hydroperoxides are transformed in the
ass spectrometer to the corresponding keto fatty acids [21,22].
nfortunately, the fragmentation of keto fatty acids is complicated
y keto-enol tautomerism [26]. We therefore prepared KETE, KODE
nd U[13C]HPODE as references. This confirmed that the MS/MS/MS
pectra of 8-, 9-, and 11-HPETE were virtually identical to the
S/MS spectra of 8-, 9-, and 11-KETE, as previously reported for

-, 12- and 15-HPETE and 5-, 12- and 15-KETE [21]. The fragmen-
ation of 12-HPODE was further complicated by migration of the
ouble bonds during keto-enol tautomerism, as illustrated by the
ragmentation of 12-HPODE and U[13C]12-HPODE (Fig. 8). We found

hat the chemical stability of the hydroperoxides varied several
rders of magnitude with the isolation width (1.5–10 amu) during
S/MS analysis in an ion trap. The signals of 11- and 13-HOTrE were

table during isolation and MS/MS analysis, whereas the signals
f the corresponding hydroperoxides increased with the isola-
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ion width. 5-HPETE and other cis-trans conjugated hydroperoxides
ppeared to be least stable, whereas non-conjugated hydroper-
xides (8-HPODE, 11-HPODE, 11-HPOTrE and 12-HPODE) often
ielded sufficiently strong signals even at an isolation width of 1.5
r 2.5 amu.

Why are hydroperoxides unstable during isolation in the ion
rap? Ions are trapped by a combination of radial and axial motion
reated by the applied radio frequency and voltage on the four
yperbolic rods of the trap [32]. The isolation width is created by
hanging the electrical fields so that all ions above and below a
ertain m/z range are ejected. A very narrow window increases the
nergy of the selected ions, and may cause brake-down of unstable
ompounds.

In summary, we have shown that enantiomers of hydroper-
xides of 18:2n-6 and 20:4n-6 can be separated as free acids by
P-HPLC (Reprosil Chiral-NR) with resolution of many regioiso-
ers. MS/MS analysis of hydroperoxides in an ion trap should be

erformed using a relatively large isolation width, and this may also
pply to analysis of other unstable compounds.
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