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Abstract
Thirteen molecular species of tetraacylglycerols in the seed oil of Physaria fendleri were recently identified. We report here the quantification of the
molecular species of these tetraacylglycerols using HPLC with evaporative light scattering detector and the MS of the HPLC fractions. The ion signal
intensities of MS1 from the molecular species of acylglycerols with different m/z in HPLC fractions were used to estimate the ratios of the molecular
species. The ratios of the molecular species of acylglycerols with the same mass were estimated by the total ion signal intensities of the fragment
ions of MS2, [M + Li − FA]+ and [M + Li − FA-FA]+. The content of tetraacylglycerols was about 1%. The highest contents of the molecular species of
tetraacylglycerols were from those containing one normal FA (non-hydroxylated fatty acid) and they were LsLsLsO (0.25%), LsLsLsL (0.24%), LsLsLsLn
(0.21%) and LsLs-OH20:2-O (0.19%). The contents of the tetraacylglycerols containing two normal FA were lower than those containing one normal FA.
Among them the highest were LsLsOL (0.10%), LsLsOO (0.06%) and LsLsOLn (0.06%).
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Introduction
Ricinoleic acid (R, OH1218:19) has many industrial uses such as the
manufacture of biodegradable and renewable plastics, nylon, plasticizers,
lubricants, cosmetics, paints and surfactants [1]. Ricinoleate containing
a hydroxyl group is the major fatty acid (FA, 90%) in castor oil [2].
Tetraacylglycerol (an acylglycerol estolide) contains an acyl chain attached
to the hydroxyl group of another acyl chain attached to the glycerol backbone.
We have earlier positively identified a tetraacylglycerol for the first time in
a natural source, (12-ricinoleoylricinoleoyl)-diricinoleoyl-glycerol (RRRR),
in castor oil using electrospray ionization tandem mass spectrometry (ESIMS2) [3]. For the structure of RRRR, see [3]. We have also for the
first time shown the biosynthesis of estolide by incorporating radiolabeled
triricinolein (RRR) into tetraricinolein (RRRR) in castor microsomes [3].
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The content of RRRR in castor oil was about 0.5% [4]. Some
minor tetraacylglycerols, RRRL, RRRO, RRRP, RRRS and RRRLn,
were later identified in castor oil [5]. Abbreviations of FA as the FA
constituents of acylglycerols (AG) are given at the appendix a, (Table 1).
In addition, we have identified 12 molecular species of diacylglycerols (DAG)
and 53 molecular species of triacylglycerols (TAG) containing mono-, di-,
and trihydroxy FA [4-9] as well as 12 molecular species of TAG containing
three normal FA (non-hydroxylated) [5] in castor oil. The structures of seven
hydroxy FA in castor oil were proposed [5-8]. The molecular species of some
AG in castor oil have been quantified by HPLC with evaporative light scattering
detector (ELSD) [4]. The content of RRR in castor oil was about 70% [4].
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Table 1 The contents (%) of tetraacylglycerols in the seed oil of Physaria fendleri
_______________________________________________________
Tetraacylglycerolsa
m/z of [M + Li]+
Contents (%)b
(HPLC fraction #)
_______________________________________________________
LsLsLsLn (55)
1,283.9 		
0.21 ± 0.06
LsLsLsL (57, 58)
1,285.9		
0.24 ± 0.09
LsLs-OH20:2-O (57, 58)
1,285.9		
0.19 ± 0.06
LsLsLsO (59, 60)
1,287.9		
0.25 ± 0.00
LsLsLnLn (63)
1,235.9		
0.02 ± 0.01
LsLsLLn (66)
1,237.9		
0.04 ± 0.01
LsLsOLn (68)
1,239.9		
0.06 ± 0.02
LsLsLL (68)
1,239.9		
0.02 ± 0.01
LsLsOL (70)
1,241.9		
0.10 ± 0.01
LsLsOP (72, 73)
1,217.9		
0.02 ± 0.01
LsLsOO (73)
1,243.9		
0.06 ± 0.00
LsLsLS (74)
1,243.9		
0.03 ± 0.00
LsLsOS (76)
		
1,245.9		
0.02 ± 0.00
_______________________________________________________
a, abbreviations: Ls- lesquerolic acid; S- stearic acid; O- oleic acid;
L- linoleic acid; Ln- linolenic acid; P-palmitic acid; OH20:2,
monohydroxy group on 20 carbon atoms fatty acid with 2 double bonds.
b, contents are presented as average ± standard deviation of triplicate
measurements.

Lesquerolic acid (Ls, OH1420:111), a C20 homolog of ricinoleate, is the major
FA (56.5%) in lesquerella (Physaria fendleri) oil [10]. Lesquerolate can also
be used for industry similar to those of ricinoleate. We have recently identified
ten molecular species of DAG, 74 molecular species of TAG and 13 molecular
species of tetraacylglycerols containing mono- and dihydroxy FA as well as
20 molecular species of TAG containing three normal FA in lesquerella oil
[11,12]. The structures of the four new hydroxy FA were proposed [11]. The
quantification of these DAG and TAG in lesquerella oil has also been reported
[13]. The contents of the molecular species of DAG in decreasing order were:
LsLs (0.25%), LsLn (0.25%), LsO (0.24%), LsL (0.11%) and the contents of the
molecular species of TAG in decreasing order were: LsLsO (31.3%), LsLsLn
(24.9%), LsLsL (15.8%), LsL-OH20:2 (4.3%), LsO-OH20:2 (2.8%), and LsLnOH20:2 (2.5%). The content of ten DAG combined was about 1% and 74 TAG
was about 98%. Acylglycerol estolides (e.g., tetraacylglycerols) have different
physical properties from those of TAG and can be used in industry similar to
those of TAG for different physical properties such as viscosity and pour point
improvers for lubricants. We have recently identified 13 molecular species of
tetraacylglycerols in lesquerella oil [12]. We did not detect pentaacylglycerols
in both castor and lesquerella oils [5,12]. We would like to report here the
contents of the 13 molecular species of tetraacylglycerols in lesquerella oil here.
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Experimental Procedure
The materials, HPLC with absorbance detector (205 nm) and MS used were
the same as our recent report [12]. HPLC with ELSD was as our earlier
report [4]. Molecular species of AG (DAG, TAG and tetraacylglycerols) were
partially separated using a C18 analytical column (Gemini, 250 mm x 4.6
mm, particle size 5μm, C18, Phenomenex, Torrance, CA, USA) with a linear
gradient from 100% methanol to 100% 2-propanol in 40 min, at 1 mL/min
flow rate. The quantification of the molecular species of AG in lesquerella
oil was as our recent report [13] using HPLC with ELSD and MS of the
HPLC fractions. MS2 was used to differentiate the molecular species of AG
with the same mass. The ratios of the contents of the molecular species of
tetraacylglycerols with the same mass in HPLC fractions were estimated as
the ratios of the sums of the ion signal intensities (or relative abundances)
of [M + Li − FA]+ and [M + Li − FA-FA]+ from one molecular species.
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Results and Discussion
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Figure 1 HPLC chromatogram of lesquerella oil (1 mg) for fractionation
(0.5 min/fraction) (From Ref. 12, with permission). For HPLC conditions,
see experimental procedure. The variation of the retention times of the
Figure 1
eight HPLC fractionations (in the same
day) pooled together were less
than 0.1 min. Tetraacylglycerols were minor components and the HPLC
peaks are corresponding to TAG and DAG, not tetraacylglycerols. The
HPLC fractions where tetraacylglycerols eluted are given in Table 1.

(Figure 3) was the MS1 spectrum of the HPLC fraction #55 (Figure 1),
(retention time 27.0−27.5 min). This HPLC fraction corresponded to the
retention time 27.1−27.6 min in (Figure 2A) and 27.3−27.8 min in (Figure
2B). LsOO was mostly in this HPLC fraction [13]. The ion signal intensities
of the known ions in (Figure 3) were 4.47 x 108 (m/z 935.8, LsOO), 1.97 x
108 (m/z 909.8, LsOP) and 7.15 x 107 (m/z 1284.0, LsLsLsLn). The peak
area % of the four HPLC fractions from 27.3−29.3 min in (Figure 2B) was
3.25% (quantification #1 of the three). Five TAG and three tetraacylglycerols
were recently identified in these four HPLC fractions including some AG with
the same masses (lithium adducts) as: LsOP (m/z 909.8, HPLC fraction
#55), LsOO (m/z 935.8, HPLC fraction #55, 56), LsLS (m/z 935.8, HPLC
fraction #56, 57), LsL-20:1 (m/z 961.8, HPLC fraction #56, 57), LsLn-20:0
(m/z 961.8, HPLC fraction #58), LsLsLsLn (m/z 1283.9, HPLC fraction #55),
LsLsLsL (m/z 1285.9, HPLC fraction #57, 58) and LsLs-OH20:2-O (m/z
1285.9, HPLC fraction #58) [11,12]. The ratio of the total ion signal intensities
of each m/z in these four HPLC factions was assumed to be the ratio of
these AG (with different m/z) in these four HPLC fractions. The total content
of these five TAG and three tetraacylglycerols was 3.25% of lesquerella oil
according to the area % of these four HPLC fractions in (Figure 2B). The
contents of these AG including the AG with the same mass combined were
estimated from the HPLC peak area % (3.25%, Figure 2B) and the ratio
of the total ion signal intensities of each m/z in these four HPLC factions.
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Lesquerella oil was fractionated (0.5 min/fraction) by HPLC as shown in
(Figure 1). MS of each HPLC fraction was carried out using the lithium adducts
of AG. Quantification of AG was based on HPLC with ELSD (Figure 2) and the
MS ion signal intensities of the molecular species of AG in each HPLC fraction.
About 98% of AG in lesquerella oil was TAG [13]. The contents of the molecular
species of tetraacylglycerols were low and could not be shown as HPLC peaks
in both (Figure 1 and 2) (quantification #1 of the three). Therefore HPLC with
ELSD alone could not be used to estimate any content of the molecular species
of tetraacylglycerol in lesquerella oil. The following are the examples of the
quantifications of tetraacylglycerols using the combination of HPLC and MS.
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We have used MS2 fragmentation to estimate the ratios of TAG with the
same masses [13]. The ratio of the total ion signal intensities of the three
[M + Li − FA]+ from molecular ions with the same m/z was used to estimate
the ratio of the TAG with the same mass, e.g., LsOO : LsLS and LsL20:1 : LsLn-20:0 in these four HPLC fractions [13]. We have used the
similar method to estimate the ratio of tetraacylglycerols with the same mass.
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Figure 3 The MS1 spectrum of the lithium adducts of acylglycerols
in the HPLC fraction #55 (From Ref. 12, with permission).
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Figure 2 HPLC chromatogram of lesquerella oil (A, 0.06 mg; B,
2
0.5 mg) using evaporative light Figure
scattering
detector (From Ref. 13,
with permission). For HPLC conditions, see experimental procedure.
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(Figure 4) is the MS2 spectrum of [M + Li]+ at m/z 1285.9 from the HPLC
fraction #58 of lesquerella oil (retention time 28.5-29.0 min, Figure 1). The
ratio of the total ion signal intensities of the MS2 fragment ions, [M + Li − FA]+
and [M + Li − FA-FA]+, from molecular ions with the same m/z was used to
estimate the ratio of the tetraacylglycerols with the same mass in a HPLC
fraction. The tetraacylglycerols with the same mass were LsLsLsL and LsLsOOH20:2 in (Figure 4). From the relative abundances (Y axis) of the fragment
ions indicated in (Figure 4), the ratio of these two tetraacylglycerols in HPLC
fraction #58 was estimated as (60 + 3 + 2) : (40 + 46 + 45 + 2 + 4) or 65
: 137. The 60 and 40 were from the relative abundance of [M + Li − Ls]+ at
m/z 959.7 as 100%. Since there were five Ls in these two tetraacylglycerols,
20% represented each Ls, and 60 and 40 were distributed between these
two tetraacylglycerols. The relative abundance of [M + Li − L]+ at m/z 1005.7
was 3%. The relative abundance of [M + Li − LsLs]+ at m/z 651.4 was 4%.
Half of the 4% (2%) was equally distributed to these two tetraacylglycerols.
The other relative abundances were 46% from [M + Li − OH20:2]+ at m/z
961.7, 45% from [M + Li − O]+ at m/z 1003.7, and 4% from [M + Li − LsOH20:2]+ at m/z 653.4. The HPLC fraction #57 also contained these two
tetraacylglycerols with the predominance of LsLsLsL. The ratio of the total ion
signal intensities (MS2) of the two tetraacylglycerolos in the HPLC fractions #
57 and 58 was used to estimate the contents of these two tetraacylglycerols
from the content of tetraacylglycerols of m/z 1285.9 obtained by MS1 earlier.
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We have recently identified many molecular species of TAG and DAG in
lesquerella oil using the MS of HPLC fractions [11]. We have also identified
later the molecular species of tetraacylglycerols, a group of naturally occurring
acylglycerol estolides, in lesquerella oil using the MS of HPLC fractions [12].
Then, we developed a new method to quantify the molecular species of
TAG and DAG in lesquerella oil using HPLC with ELSD and MS [13]. In this
report we quantify the molecular species of tetraacylglycerols in lesquerella
oil using HPLC with ELSD and MS. The MS2 fragment ions selected for the
quantification of the molecular species of tetraacylglycerols with the same
mass were different from those of TAG and DAG. The quantification of the
molecular species of tetraacylglycerols in lesquerella oil helps to understand
the biosynthesis of tetraacylglycerols in lesquerella oil and allows the future
modification of the plant to produce tetraacylglycerols for industrial uses.

[M + Li − OH20:2]+

60
40

Lipid quantification using ion signal intensities were reported [15-17]. We
have recently used the HPLC with ELSD and MS (ion signal intensity) for the
quantification of the molecular species of TAG and DAG [13]. Ionization efficiency
of lipid depends on the polarity of molecule especially the difference of the lipid
classes [18]. We compared the ion signal intensities of tetraacylglycerols and
TAG in HPLC fractions in sequence and the polarities of these molecules
were similar. We assumed that the ionization efficiencies of tetraacylglycerols
and TAG in the HPLC fractions were similar. The ion signal intensities of
the molecular species of TAG and tetraacylglycerols in the HPLC fractions in
sequence were used to obtain the ratio of the molecular species in a HPLC peak.
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Figure 4 The MS2 spectrum of [M + Li]+ at m/z 1285.9 in the HPLC
fraction #58 (From Ref. 12, with permission). The molecules were
Figure 4
LsLsLsL and LsLsO-OH20:2.
The contents (%) of the molecular species of tetraacylglycerols in the seed oil
of Physaria fendleri are listed in (Table 1). The total content of tetraacylglycerols
was about 1.26% estimated from (Table 1). The content of TAG was about
98% and DAG was about 1% [13]. We did not detect pentaacylglycerol in
the seed oil of Physaria fendleri [12] even though it was reported earlier
[10,14]. The content of tetraacylglycerols could be increased for industrial
uses. The highest contents of the molecular species of tetraacylglycerols
(Table 1) were from those containing one normal FA (non-hydroxylated FA)
and they were LsLsLsO (0.25%), LsLsLsL (0.24%), LsLsLsLn (0.21%) and
LsLs-OH20:2-O (0.19%). The contents of the tetraacylglycerols containing two
normal FA were lower than those containing one normal FA. Among them
the highest were LsLsOL (0.10%), LsLsOO (0.06%) and LsLsOLn (0.06%).
We did not detect tetraacylglycerol containing three normal FA in the seed
oil of Physaria fendleri. The precursors of tetraacylglycerols containing one
and two normal FA were proposed to be the TAG containing one normal FA,
LsLsX (X = normal FA) [12]. We have recently proposed the biosynthetic
pathways of tetraacylglycerols in castor [5] and Physaria fendleri [12].
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