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Triacylglycerols (TAGs) containing less common fatty acids (FAs) were isolated from the seeds of three
plants (Santalum album, Crepis foetida, and Leucas aspera). These FAs had allenic (laballenic acid, Lb) and
acetylenic (crepenynic, C; ximenynic acids, Xi) bonds. TAGs were analyzed on reversed-phase and chi-
ral columns. High-resolution tandem mass spectrometry identified TAGs by positive electrospray ioniza-
tion (ESI*). Twenty-two molecular species of TAGs isolated from the seed oil of Santalum album were
separated by RP-HPLC and chiral HPLC methods and identified by positive electrospray ionization tan-
dem MS detection (ESI*-MS). Two major enantiomers, i.e., sn-OOLb and sn-LLLb (O represents oleic acid;
and L represents linoleic acid), were synthesized from the appropriate phosphatidylcholines. This allowed
the identification of enantiomers after separation by chiral chromatography by tandem mass spectrome-
try. Similarly, TAGs from the seeds of Crepis foetida, and Leucas aspera were analyzed by reversed-phase
chromatography and identified by mass spectrometry. Four enantiomers (sn-OOC, sn-LLC, sn-OOXi, and
sn-LLXi) were synthesized. A total of six and three enantiomers of TAGs containing crepenynic and xi-
menynic acids, respectively, were identified by chiral column analysis. The retention times of TAGs con-
taining allenic and acetylenic bonds were always greater on the reversed-phase column than TAGs with
the same number of carbon atoms and the same unsaturation (e.g., LLL versus LLLb). From the chiral col-
umn, the regioisomers and enantiomers were eluted in the order of symmetric-asymmetric-asymmetric
(i.e., sn-0CO, sn-COO, and sn-0O0C). Through tandem mass spectrometry, we were able to identify and
distinguish regioisomer [DAG]*-type ions, i.e., [M-NH,-NH;-RCOOH]*, that can be considered diagnostic.
Unfortunately, enantiomers and TAGs with the same numbers of carbon atoms and the same unsaturation
levels have identical mass spectra, such as LLL and LLLb.
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configuration or include cumulated double (allenic) or triple bonds
or other functional groups.

1. Introduction

During ontogenesis, higher plants accumulate storage sub-
stances, such as lipids (plant oils). These storage substances have
widespread applications; plant storage organs have been used as
food or animal feed and as raw materials for various industrial
products. Vegetable oils are the most important part of the hu-
man diet, providing a significant amount of energy and serving as
sources of essential fatty acids (FAs). All vegetable oils are triacyl-
glycerols (TAGs), which are esters of glycerol, wherein all hydroxyl
groups are esterified by FAs. TAGs often include palmitic (16:0, P),
stearic (18:0, S), oleic (9-18:1, O), linoleic (9,12-18:2, L) and «-
linolenic (9,12,15-18:3, Ln) acids. These five FAs have even num-
bers of carbon atoms and are the most widespread in nature. Mi-
nor and unusual FAs differ in at least one double bond position or
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TAGs number in the several tens and include hundreds of
molecular species depending on the number of fatty acids. A fac-
tor that increases the number of molecular species of TAGs is the
presence of regioisomers and enantiomers. For example, triacyl-
glycerols in which only two FAs are sterically bound, e.g., oleic
and linoleic acids, exist in eight isomers (00O, LLL, LLO, OLL, LOL,
OOL, LOO, OLO). Regioisomers may be separated on a reversed-
phase column or by Ag*-HPLC. Their identification is possible us-
ing tandem mass spectrometry [1,2]. In contrast, enantiomers ex-
hibit the same tandem mass spectra but can be separated on a
chiral phase column [3]. The separation of TAGs that occur in
commercially available plant seeds has already been described [4].
However, the analyses of TAGs containing less common or unusual
FAs have rarely been reported. Examples include odd [5], long [6],
cyclo[7], C16 [8] or C18 [9] PUFAs, edible fats and oils, [10], and
enantiomeric separations of asymmetric TAGs by recycle HPLC [11].
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Based on our previous experience with analyses of regioi-
somers and enantiomers of TAGs, two reversed-phase (RP18)
columns coupled in series and a chiral phase column based on
tris-3,5-dimethyl-phenyl-carbamate modified S-cyclodextrin were
used. TAGs have been identified in three vegetable oils that con-
tained significant amounts of laballenic (Leucas aspera), stearolic,
ximenynic (also called santalbic acid) (Santalum album), and
crepenynic acids (Crepis foetida) by LC-MS in positive ESI mode us-
ing high-resolution tandem MS.

2. Experimental methods
2.1. Standards

Common chemicals were purchased from Sigma-Aldrich, Ltd.
(Prague, Czech Republic). The phospholipids, 1,2-dilinoleyl-sn-
glycero-3-phosphatidylcholine (18:2/18:2-PC) and 1,2-dioleoyl-
sn-glycero-3-phosphatidylcholine  (18:1/18:1-PC), were pur-
chased from Sigma-Aldrich, Ltd. Stearolic (S8268) and ximenynic
(CDS018698) acids (Sigma-Aldrich, Ltd.) were purchased previ-
ously. Seeds of three plants, Santalum album, Crepis foetida subsp.
foetida, and Leucas aspera Bronze Flamingo; were purchased from
a local garden center. The seeds were not sourced from natural
collections.

2.2. Lipid extraction and isolation of TAGs

Seeds were powdered and extracted thoroughly with light
petroleum ether to yield oils. Briefly, the plant oils were applied to
Sep-Pak Cartridges Vac 35 cc (Waters, Prague, Czech Republic) with
10 g of an aminopropylsilica-based polar bonded phase, and neu-
tral lipids were subsequently eluted from the cartridge with 40 mL
of chloroform-methanol (70:30% v/v). Solvents were evaporated,
and the oil samples were dissolved in an acetonitrile, propan-2-
ol, hexane mixture (33:33:33% v/v/v), which was injected into an
HPLC column [12]. Oil from the seeds of Santalum album was used
for laballenic acid preparation.

2.3. Preparation of laballenic acid

TAGs were saponified with aqueous ethanolic KOH solution
(1 M) for 24 h at room temperature. After acidification, the mixture
was extracted three times with hexane, washed with water and,
after drying over anhydrous sodium sulfate, evaporated to dryness.
FAMEs were prepared by refluxing free fatty acids for 1 h in excess
methanol under catalytic treatment with sulfuric acid. Total FAMEs
were separated on argentation TLC plates, 20 x 20 cm, 250 pm
layer, 15% AgNOgs/silica gel plate (Miles Scientific (previously Anal-
tech), Newark, DE, USA). Hexane-diethyl ether 80:20% v/v was
used as the elution phase. Methylated laballenate was scraped and
extracted with diethyl ether, saponified again with ethanolic KOH
solution, and free fatty acid was used to synthesize the appropriate
TAGs.

2.4. Preparation of TAGs with a mixed FA composition

1,2-Dioleoyl- and 1,2-dilinoleoyl-sn-glycero-3-
phosphatidylcholines were treated with phospholipase C (Type I
from C. perfringens (C. welchii)) as described by Christie [13]. A
detailed description of the preparation method is provided in the
Supplementary Information.

The esterification of glycerol derivatives with acids has been
previously described [14,15]. Briefly, diacylglycerols were reacted
with free fatty acids in the presence of 4-dimethylaminopyridine
(DMAP) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

(EDCI) to yield the corresponding triacylglycerols (see the Supple-
mentary Information).

Compared with published syntheses requiring five reaction
steps [16,17,3], the above-described method advantageously re-
quires only two reaction steps. Additionally, one of the two steps
is enzymatic hydrolysis, which guarantees mild conditions and can
therefore be used for FA-labile TAGs.

2.5. Analysis of fatty acids

Fatty acid methyl esters (FAMEs) were prepared from neutral
lipids using a standard procedure with sodium methoxide [18]. A
detailed description of the preparation of 3-pyridylcarbonyl esters
is provided in the Supplementary Information.

The GC-MS analysis of FAME and 3-pyridylcarbonyl ester mix-
tures was performed using a Finnigan/MAT 1020 B instrument
(Bremen, Germany) in electron ionization (EI) mode, and the esters
were identified as previously described [19,20,21] (see Supplemen-
tary Information).

2.6. TAG analysis using RP-HPLC/ESI-MS

TAGs were analyzed using an LC-MS system with two RP-HPLC
columns connected in series (see Supplementary Information). LTQ
Orbitrap Velos (Thermo Fisher Scientific, Bremen, Germany), a
high-resolution hybrid mass spectrometer, was combined with a
liquid chromatograph (see Supplementary Information). This in-
strument was used for both tandem mass spectrometry and se-
lected ion monitoring (SIM).

2.7. TAG analysis using chiral LC/ESI-MS

The same LC system used in the reversed-phase mode was
also used for separation in chiral mode. TAGs (~1 mg/mL in
mobile phase) were chromatographically separated on two Astec
cyclobond™ 1 2000 DMP (3,5-dimethyl-phenyl-carbamate modi-
fied B-cyclodextrin) chiral LC columns (5 pm, 25 cm x 4.6 mm)
(Sigma-Aldrich, Ltd.) connected in series. The mobile phase was
a gradient introduced at 95% A and 5% B at 0 min to 45% A and
55% B over 105 min, and subsequently, isocratically maintained for
10 min, where A is hexane and B is a hexane, propan-2-ol (97:3%
v/v) mixture [22,23]. The flow rate, column temperature, and in-
jection volume were 0.45 mL/min, 24 °C, and 10 pL, respectively.
Other conditions were the same as those used for RP-LC.

3. Results and discussion
3.1. Allenic fatty acids

One of the most widespread C18 allene FAs, i.e., laballenic
acid (5,6-octadecadienoic acid, 5,6-18:2, Lb) has been isolated and
identified primarily in seeds of plants of the Labiateae family
[24,25,26]. Although the allenic group is responsible for consider-
able optical activity, no effects have been reported on the separa-
tion of TAGs by chiral chromatography (see below). Additionally, a
higher homolog, i.e., phlomic acid (7,8-eicosadienoic acid, 7,8-20:2,
Ph) was isolated from seeds of the same family. In the seeds of the
genus Leucas (formerly Phlomis), up to 10 FAs were identified, the
majority of which were palmitic (16:0, P), oleic (9-18:1, O), linoleic
(9,12-18:2, L) and laballenic acids. The contents of all FAs, includ-
ing minorities, are listed in Table 1S (Supplementary Information).
Except in the Labiateae family, allenic acids occur rarely [24,27].

Although allenic FAs are less widespread in nature, several pa-
pers have described the identification of fatty acid methyl esters
(FAMEs) and 3-pyridyl carbonyl (formerly called picolinyl) esters
(Christie et al. [28] published the key article). Allenic FAMEs are
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Fig. 1. Reverse phase liquid chromatography/electrospray positive ionization-mass spectrometry (RP-LC/ESI-MS) chromatogram from 40 to 95 min of total ion current (TIC)
of the TAGs from the Leucas aspera seeds. TIC was filtered and indicates the type of ions [DAG]*, i.e., ions resulting loss of neutral RCOOH+NH; from [M+NH4]* in the

interval from 480 to 680 Da. The [DAG]* type ion was always the base peak.

unique and are similar to acetylenic FAs (see below). The cumu-
lated double bond system in allenic FAMEs migrates less under
electron impact conditions and therefore, the mass spectra are
characterized by [M]* and [M-31]" ions and three ions resulting
from B bond cleavage to the allenic bond. For complete identifica-
tion, 3-pyridyl carbonyl esters were prepared and analyzed. Figs. 1S
and 2S show two mass spectra of the derivatives of laballenic and
phlomic acids. Diagnostic ions, as in the case of FAMEs, are the
ions formed by the B cleavage of a single bond to the allenic

group.

3.2. Preparation of laballenic acid

The preparation of laballenic acid has been described in the lit-
erature [29]. Briefly, oil was saponified, and FAMEs were prepared
in a large excess of methanol with H,SO,4. The mixture of FAMEs
was separated by argentation TLC chromatography. The allenic es-
ter has an Rf higher than methyl oleate [30], meaning that it forms
a band between methyl stearate and methyl oleate. The appropri-
ate band was extracted from the TLC plate, and the corresponding
methyl ester was saponified with aqueous ethanolic KOH. The free
acid was used to synthesize two stereospecific TAGs (see Experi-
mental methods).

3.3. Reversed-phase TAGs containing allenic fatty acids

TAG molecular species analysis was performed on two C18
reversed-phase columns coupled in series. Table 2S lists the tR and
abundances of individual TAG molecular species. Although labal-
lenic acid has two double bonds (like linoleic acid), the retention
times of the TAGs were different (e.g., tR TAGs in Table 2S). Re-
placement of linoleyl acyl with laballenyl acyl resulted in increased
tR in our samples and in published retention times [31,32]. For ex-
ample, the differences among LLO, LLbO, and LbLbO were 3.8 and
4.1 min. Similarly, in the LLL, LLLb, LLbLb, and LbLbLb series, the
values were 3.7, 4.1, and 5.7 min. TAGs containing allenic acids al-
ways had higher tR values than the corresponding isomeric TAGs
containing linoleic acid (Fig. 1).

The contributions of two cumulative double bonds in labal-
lenic acid at specific retention times were smaller than those of
two methylene interrupted double bonds. In other words, the al-
lenic double bond is less polar than methylene interrupted double
bonds. The elution sequence from the RP-18 chromatography col-
umn was nearly identical to published data. The order of elution of
the TAGs in Seher and Fiebig [31] and the tR of our sample showed
a 100% match. Minor differences were observed for the TAGs from
Phlomis tuberosum [32]; however, the authors used a relatively un-
usual mobile phase, i.e., butanol:acetonitrile:hexane. It should be
noted that the differences were at most hundredths of a minute,
e.g., 16.03 versus 16.04 min for LOP-LbLbO and 17.51 versus 17.50
for LPP-LbLbP. Because we prepared two TAGs, i.e., sn-LLLb and sn-
OOLb, we were able to compare natural TAGs with synthetic TAGs
by RP-HPLC and tandem MS.

3.4. Chiral LC and tandem mass spectra of TAGs containing allenic
fatty acids

An article describing the chiral chromatography of TAGs con-
taining at least one FA with allene bonds has not yet been pub-
lished. A shortened tR would be possible by increasing the effi-
ciency of the column, e.g., by using smaller particles. Fig. 2 shows
the chromatogram of two synthetic TAGs (sn-OOLb and sn-LLLb)
and a real Leucas tuberosa mixture. From published data [33] ob-
tained by pancreatic lipase, saturated FAs (P and S) almost exclu-
sively represented the sn-1 position and linolenic acid at the sn-3
position. Furthermore, the authors reported that 12% of Lb was es-
terified at the sn-2 position and the remaining 88% at the sn-1(3)
positions. Because we followed chiral chromatography with analy-
ses by negative ESI tandem MS, our results were more detailed.

Allenic bonds can interact with 7 electrons in the stationary
phase; CH, groups of acyls can likely utilize Van der Waals forces
between two methyl groups (stationary phase). For example, lanni
et al. [34] reported -7 interactions in C=C bonds; thus, the tR
prediction for individual enantiomers is almost impossible. There-
fore, two synthetic TAGs were prepared, i.e., sn-OOLb and sn-LLLb.
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Fig. 2. Chiral-LC/MS selected-ion monitoring (SIM) chromatograms of the two ions (599.5 and 603.5 Da). PLnO# is unidentifiable mixture of six isomers.

This allowed for the prediction of the elution order of the enan-
tiomers from the chiral column, which were further identified by
tandem MS (see below).

For TAGs having four degrees of unsaturation (two double and
one allenic bonds), the order of elution of the enantiomers was
as follows. Symmetric TAG (sn-OLbO) was eluted first, followed by
two asymmetric TAGs (sn-LbOO and sn-OOLb), in agreement with
published data. Lisa and Holcapek [3] described the elution profile
of TAGs with four degrees of unsaturation in order of symmetric-
asymmetric-asymmetric TAGs, i.e., OLO-LOO-OOL.

The same order of elution, ie., symmetric-asymmetric-
asymmetric, was observed in TAGs with six degrees of unsat-
uration, i.e., sn-LLbL, sn-LbLL, sn-LLLb. In this case, the order
of elution was different from that of Lisa and Holcapek [3] for
six degrees of unsaturation for dilinolenoylstearin, i.e., LnLnS-
SLnLn-LnSLn (asymmetric-asymmetric-symmetric). These different
elution times could be explained by the presence of allenic bonds.
The preference of the FAs at each position is not fully understood,
e.g., Lisa and Holcapek [3] reported the proportions of OLO, LOO,
and OOL in hazelnut oil at a ratio of 46:39:15, i.e., without signif-
icant preference for any of the three-glycerol backbone positions.
Similarly, as reported in our previously published articles, there
were no significant preferences for any of the three positions. For
example, in the case of odd FAs, the majority of FAs was sn-LL19:4
in mold Mortierella, whereas in the protozoan Khawkinea, the
majority of FAs was another isomer, sn-19:4LL [5]. Very long
chain FAs were the main FAs in vegetable oil (Ximenia americana),
green alga (Botryococcus braunii) and brewer yeast (Saccharomyces
pastorianus), e.g., nervonic acid prefers the sn-1 position [6]. In
the case of unusual FAs, such as cycloFAs, symmetrical TAG (OStO)
was preferred for TAGs with sterculic acid (St), whereas for TAG
containing chaulmoogric acid (Cg), the enantiomer of OCgCg was
dominant [7].

TIC was filtered, yielding [DAG]* ions, i.e., ions resulting from
the loss of neutral RCOOH + NH;3 from [M+NH4]* in the interval
from 596 to 604 Da. The [DAG]* ions represent the base peak. The
mass spectra of TAGs containing laballenic acids were not distin-

guishable from the mass spectra of TAGs containing linoleic acids
(Fig. 3).

The mass spectra of TAGs containing oleic and laballenic acids
are presented in Fig. 4. The tandem mass spectra of sn-OOL and
sn-0O0Lb (synthetic standard) were identical. Thus, it is only pos-
sible to determine the type of regioisomers of symmetric versus
asymmetric TAGs (sn-OLbO, sn-LbOQ/sn-OOLb), i.e., TAGs in pairs
with the same molecular mass, e.g., OLO and LLO/OLL, respectively.
The enantiomers of sn-OOLb and sn-LbOO showed identical tan-
dem mass spectra (Fig. 4).

3.5. Acetylenic fatty acids

Nonconjugated acetylenic FAs, such as stearolic or crepenynic
acids, have been identified in various genera, e.g., in the Santa-
laceae (Santalum) and Compositae (genus Crepis) families [27,35].
Ximenynic (santalbic) has been identified in the seed fat of San-
talum album [27,35].

The seed oils of a number of Santalaceae species are rich in
acetylenic fatty acids [36]. An article on genetically engineered Ara-
bidopsis thaliana utilized genes from Crepis alpina; unfortunately,
the percentage of acetylenic FAs accumulated in neutral lipids in
the transgenic plant was 5-35 times less than that of wild-type
accumulating plants [37].

The mass spectrum of stearolate (ethyl octadec-9-ynoate) dif-
fers from the mass spectrum of methyl ester of linoleic acid
(methyl 9,12-octadecadieonate) having the same molecular mass.
The molecular ion at m/z 294 was detected, and two key ions at
m/z 152 and at m/z 196 were observed. The ions at m/z 166 and 210
were stabilized by the rearrangement of the conjugated dienoic
system. Similarly, other methylene-interrupted ene-ynoic FAs, such
as crepenynic, are the major components of seed oils, such as those
of Crepis [38]. The mass spectrum of methyl ester includes diagnos-
tic ion at m/z 236, resulting from triple bond cleavage. Conjugated
ene-ynoic FAs include ximenynic, which is a common component
of some oils, e.g. ximenia oil [39] or oil from Santalum album [40].
In the mass spectrum of methyl ester of ximenynic acid, a char-
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Fig. 3. Tandem mass spectra of the synthetic and natural regioisomer (sn-LLLb) and enantiomers (sn-LbLL or sn-LLbL), including standard (LLL). For experimental details, see
Experimental conditions and explanation of chromatographic behavior, in all figures, including mass spectra, see Results and discussion.

acteristic ion at m/z 150 resulting from B cleavage was identified.
This mass spectrum was completely different when compared with
the mass spectrum of methyl linoleate [13].

To fully identify and confirm the structures of stearolic,
crepenynic and ximenynic acids, 3-pyridylcarbonyl esters (formerly
called picolinyl esters) were prepared. The mass spectrum of the
3-pyridylcarbinol esters of octadec-9-ynoate (stearolate) showed

peaks at m/z 92, 108, 151, and 164 and exhibited other diag-
nostic ions. In particular, a gap of 24 Da was present in the
mass spectrum, between m/z 234 and m/z 258. Analogous to
the 3-pyridylcarbinol esters of monoenoic acids, a gap of 38 Da
(-C=C-CH,-) was identified between ions at m/z 234 and m/z
272. The ion at m/z 286 was abundant. 3-Pyridylcarbinyl crepeny-
nate was also characterized. The [M-1]* type ion had nearly the
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Fig. 4. Tandem mass spectra of the synthetic and natural regioisomer (sn-OOLb) and enantiomers (sn-LbOO or sn-OLbO), including standard (sn-OOL). For experimental
details, see Experimental conditions and explanation of chromatographic behavior, in all figures, including mass spectra, see Results and Discussion.

same abundance as the [M]* ion. In the mass spectrum, two
gaps, one of 26 Da (double bond) between ions at m/z 234 and
260 and the other of 40 Da (m/z 234 to 274) were observed.
These gaps are characteristic of triple bonds. An additional gap
is present between ions at m/z 274 and at m/z 298; a gap of 38
Dawas observed from my/z 274 to 312 (Fig. 3S). A completely dif-
ferent mass spectrum is provided by the 3-pyridylcarbinol ester
of ximenynic (santalbic), i.e., octadec-9-yn-11-trans-enoic acid, in
which only diagnostic ions at m/z 220 and m/z 298 were identified
(Fig. 4S).

The contents of fatty acids from the seeds of Santalum album
and Crepis foetida are summarized in Tables 3S and 4S. These re-
sults are in agreement with published data [41], where acetylenic
acids have been reported as the majority components.

3.6. Reversed-phase TAGs containing acetylenic fatty acids

The analysis of total TAGs from Santalum album seeds was per-
formed on two RP-18 phase columns connected in series (Table 5S
and Fig. 5). These results correspond with the order of elution of
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Fig. 6. Chiral-LC/MS selected-ion monitoring (SIM) chromatograms of the ion at m/z 603.5.

TAGs containing acetylenic FA molecules, e.g., OOL (tR = 76.6 min)
versus 00Se (79.3 min). A similar tR shift was found in another
pair containing one triple and one double bond, e.g., ximenynic
acid with an unsaturation degree of three versus «-linolenic acid,
namely, OOLn (tR = 70.9 min and OOXi (73.2 min). Molecule po-
larity is due to the uneven distribution of electrons. Alkynes are
therefore more polar than alkenes due to the higher electron den-
sity (sp hybridization of -C=) near the triple bond. The contribu-
tion of two double bonds, e.g., in linoleyl acyl, is greater than the
contribution of one triple bond in stearolyl acyl (9a-18:2). A TAGs
analysis of sandalwood seed oil containing ximenynic acid was de-
scribed by Liu et al. [42]. Unfortunately, the authors only identified

three TAGs (XiXiXi, XiXiO or XiOXi, and OOXi or OXiO); other peaks
were not identified.

3.7. Chiral LC and tandem mass spectra of TAGs containing acetylenic
fatty acids

To fully elucidate the structure of OOXi and OOSe, two frac-
tions were collected. The first fraction was collected in the in-
terval of 72-75 min and the second in the range of 77.5-
80.5 min. Both fractions were analyzed on a chiral column (Fig. 6).
From the analysis, it is evident that identification by selected
ion monitoring (SIM) at 603.5 Da (ion having the structure
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Fig. 7. Tandem mass spectra of the synthetic (sn-OOXi) and natural regioisomer and enantiomers. For experimental details, see Experimental conditions and explanation of
chromatographic behavior, in all figures, including mass spectra, see Results and discussion.

[M+NH4-NH3-RCOOH]*, also called the [DAG|* ion), the TAG of
OOXi was split into three molecular species, i.e., sn-O0Xi, sn-0XiO
and sn-XiOO at a ratio of approximately 2:3:14 (Fig. 6). The mass
spectra of these three TAGs, including the mass spectrum of sn-
OOLn, had nearly identical abundances for all ions except for the
[DAG]™ ions. For symmetrical TAGs, e.g., the sn-0XiO ion, the abun-
dance of these ions varied, i.e., [OXi]* at m/z 599.5 and [OO]* at
my/z 603.5, respectively. They were separated on a chiral column of
TAGs containing another FA with triple bonds, i.e., stearolic acid.

Three isomers (sn-O0Se, sn-SeO0, and sn-0SeO) were separated.
Their tandem mass spectra were nearly identical ((Fig. 7) except
for the [DAG]" ions. These mass spectra confirmed that the Mot-
tram rule [1,2], " regioisomers of TAGs can be distinguished by the
lower relative occurrence of the [M+NH4-NH3-RCOOH]* fragment
ion, which results in a neutral loss of FA from the sn-2 position",
applies to these less natural TAGs. Regarding the tR of the indi-
vidual regioisomers and enantiomers, the results published by Lisa
and Holcapek [3] for TAGs having identical molecular mass, i.e.,
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Fig. 9. Chiral separation of natural TAG, i.e., enantiomers and a regioisomers of TAGs from Crepis foetida seeds. The sn-LLC and sn-OOC were also synthesized. TIC was filtered
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the base peak.

OOL, which is isomeric with O0Se, OOLn, and OOXi, have the same
order of elution from the chiral column. This means that TAGs con-
taining an acyl carbon number (ACN) of 54 with 4 double bonds
(DB) elute in order of symmetric-asymmetric-asymmetric, which
grows for both conventional (oleic, linoleic, and «-linolenic fatty
acids) and less common fatty acids (e.g., stearolic and ximenynic).

The only previous work that has described a stereospecific anal-
ysis of TAGs from Santalum album seed oil is Lie Ken Jie et al. [43].
Total TAGs were separated by means of silica gel-coated TLC. FAs in
individual fractions were analyzed by gas liquid chromatography

after lipolysis by pancreatic lipase. In fraction A (Rf = 0.6), more
oleic acid was identified in the § position than in the « position
and in total fraction A. In fraction B (Rf = 0.5), most of the xi-
menynic acid was identified in the « position (60.2%), then the 8
position (56.1%); in the total fraction, B content was 58.8%. There-
fore, it is apparent from the results that both O and Xi were nearly
equally represented on both the primary and secondary hydrox-
yls of the glycerol backbone. Our results (Figs. 6 and 7) indicated
that the sn-3 position was preferred for ximenynic acid. Similarly,
in stearolic acid, the situation is similar, i.e., the sn-3 position is
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Fig. 10. Tandem mass spectra of the synthetic (sn-OOC and sn-LLC) and natural regioisomer and enantiomers, including standard (sn-OOLn). For experimental details, see
Experimental conditions and explanation of chromatographic behavior, in all figures, including mass spectra, see Results and discussion.

preferred. This is the first report to the best of our knowledge on
the stereospecificity of TAGs from genus Santalum.

The third analyzed vegetable oil was an oil from Crepis foetida
subsp. foetida. An analysis of Crepis seed oils has been published;
crepenynic and linoleic acids were predominant FAs [38]. Palmitic,
stearic and oleic acids have been identified as minor FAs. In the
analysis of native TAGs by Agt-HPLC, these acids were sepa-
rated according to double bonds, and eleven peaks were identi-
fied. The majority of peaks were CLL, CCO, CCL (two isomers) and
CCC [44].

In another paper, TAGs from Crepis alpina were separated on RP-
HPLC, but detection was performed with a flame ionization detec-
tor (FID). Unfortunately, only two of seven peaks (CCC and CCL)
were fully identified. The other peaks contained one or two acyls
of the other FAs (palmitic, stearic, oleic, and linoleic acids) [45].

In a third and most recent paper, atmospheric pressure chem-
ical ionization (APCI) detection was used. This method of analysis
made it possible to identify 17 molecular species of TAGs. Again,
CCC and CCL were found as the majority, but TAGs containing
myristic, palmitic, stearic, oleic, linoleic, arachidic and eicosenoic
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acids were also detected. Although two isomers of CCL were iden-
tified in the study [44], CCL was unfortunately not separated into
two peaks by LC-MS/APCI on the reversed-phase column. APCI al-
lows the identification of regioisomers [1,2] based on [DAG]|* ion
abundance. From the mass spectra shown in Fig. 3b and Table 1
of the paper by Neff and Byrdwell [46], it is assumed that a given
peak, i.e.,, CCL at tR 16.29 min, is a mixture of two regioisomers
(CLC versus CCL/LCC). To determine the proportion of regioisomers
and enantiomers, Crepis oil was analyzed on a reversed-phase col-
umn and chiral column. Table 6S and Fig. 8 show the results from
the reversed-phase column. The retention times of TAGs containing
crepenynic acid were lower than those of TAGs containing linolenic
acid (18 carbon atoms and unsaturation degree of 3). An example
is the comparison of CCL and LnLnL (tR = 61.5 min and 51.0 min,
respectively). Similar retention characteristics had a pair of TAGs,
i.e.,, COO and LnOO (tR = 72.6 versus tR = 58.3). To fully elucidate
the molecular species of some TAGs, two fractions were collected,
i.e.,, peaks eluting from RP-column at intervals of 60.5-62.0 min
and 72.0-73.0 min, respectively. These fractions were further sep-
arated on a chiral phase column (Fig. 9). The most represented
molecular species of the three TAGs (sn-00C, sn-COO and sn-OCO)
is the sn-0O0C isomer. The same method was applied to the other
TAG isomer, e.g., LLC. Here, the major molecular species was sn-
LLC. Identification of TAGs containing one or two crepenynoyl acyls
by ESI™ has been successful [46]. Unfortunately, two TAGs of the
same molecular mass (LnLnLn and CCC) have very similar mass
spectra. Fig. 10 shows the tandem mass spectra of four TAGs, i.e.,
namely, sn-CLL, sn-LLC, sn-LCL, and for comparison sn-LLLn. The
only differences in ion abundance were observed for [DAG]™, i.e.,
at m/z 597.5 and at m/z 599.5. Thus, the rule published in Mottram
et al. [1,2] also applied to acetylenic type TAGs.

4. Conclusion

The combination of two techniques, i.e. separation by reversed-
phase column and analysis by chiral chromatography tandem mass
spectrometry, was used to analyze TAGs containing less com-
mon FAs with allenic or acetylenic bonds. Three vegetable oils
from the seeds of Crepis foetida, Leucas aspera, and Santalum al-
bum were analyzed; these oils contained the three most com-
mon acids, i.e., allenic (laballenic acid) and acetylenic acids (xi-
menynic and crepenynic acids). As previously described [47,48],
one of the limiting factors is the inability to obtain TAG enan-
tiomers. Therefore, six TAGs were prepared from 1,2-diolein and
1,2-dilinolein, which allowed for the identification of regioisomers
and enantiomers. Reversed-phase chromatography revealed that
TAGs with allenic and acetylenic acids always had higher tR than
the corresponding isomeric TAGs containing FAs with the same
unsaturation (e.g., 9,12-octadecadienoic versus 5,6-octadecadienoic
or 9,12,15-octadecatrienoic versus octadec-11-en-9-ynoic). For TAGs
containing allenic FAs and TAGs containing acetylenic FAs, TAGs
eluted from the chiral column in the order symmetric-asymmetric-
asymmetric. The different elution times, unlike those previously
reported [3], may be explained by the presence of allenic and
acetylenic bonds.

For separations, especially on chiral columns, at least one enan-
tiomer is required because both enantiomers have identical mass
spectra. The regioisomers were separated and identified by tandem
mass spectrometry. For their identification, the ratio of [DAG]|" ions
was used. The rule formulated by Mottram et al. [1,2] can be ap-
plied to allenic and acetylenic TAGs. The analysis of TAGs contain-
ing allenic and acetylenic FAs can also be used for other natural
sources, i.e., acetylenes from marine origin, such as algae, sponges,
invertebrates [49] and mosses [50].
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