JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

J. Agric. Food Chem. 2007, 55, 2209-2216 2209

Regiospecific Analysis of Diricinoleoylacylglycerols in Castor
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HPLC fractions of diricinoleoylacylglycerols containing one non-ricinoleoyl chain from castor oil were
used to identify the regiospecific location of this non-ricinoleoyl chain on the glycerol backbone using
electrospray ionization—MS? of lithium adducts. The regiospecific ions used were from the loss of
o,f-unsaturated fatty acid specific at the sn-2 position. The content of 1,3-diricinoleoyl-2-oleoyl-sn-
glycerols (ROR) among the three stereospecific isomers, RRO, ROR and ORR, was about 91%.
The contents of other 1,3-diricinoleoyl-2-acyl-glycerols among the three stereospecific isomers were
as follows: 1,3-diricinoleoyl-2-linoleoyl-sn-glycerol, 95%; 1,3-diricinoleoyl-2-linolenoyl-sn-glycerol, 96%;
1,3-diricinoleoyl-2-stearoyl-sn-glycerol, 96%; 1,3-diricinoleoyl-2-palmitoyl-sn-glycerol, 78%; and 1,3-
diricinoleoyl-2-lesqueroloyl-sn-glycerol, 31%. These non-hydroxyl fatty acids were mostly at the sn-2
position of triacylglycerols in castor oil. These results suggest that phospholipase A, hydrolysis of
phosphatidylcholine (PC) containing non-hydroxyl fatty acid at the sn-2 position is either blocked or
partially blocked in vivo. Phospholipase A; hydrolysis of 2-lesqueroloyl-PC is not blocked and is similar
to that of 2-ricinoleoyl-PC. Transgenic inhibition of phospholipase C hydrolysis of PC might be used
to block the incorporation of non-hydroxyl fatty acids into triacylglycerols, thus increasing the content
of ricinoleate in seed oil.

KEYWORDS: Castor oil; ricinoleate; triacylglycerols; diricinoleoyloleoylglycerol; diricinoleoylacylglyc-
erols; regiospecific analysis; LC-MS; phospholipase A 2; phospholipase C; Ricinus communis L.

INTRODUCTION ate) @), oleoyl-12-hydroxylase, phospholipase, And diacylg-
Ricinoleate (R), a hydroxy fatty acid (FA), has many !ycerol a_lcyltransferase2][. 2-O!e_oylphosphatidylcholine (PC)
industrial uses including the manufacture of aviation lubricant, S the direct precursor of 2-ricinoleoyl-PC, the substrate for

plastics, paints, and cosmetics. Ricinoleate occurs as acylglyc-0!€0yl-12-hydroxylase (2). The cDNA for oleoyl-12-hydroxy-
erols (AG) and constitutes about 90% of the fatty acids in castor 125€; the enzyme catalyzing the hydroxylation of oleate to
oil (1). Castor oil is the only commercial source of ricinoleate. 'lcinoleate, has been cloned from castor and expressed in
However, castor bean contains the toxin, ricin, and potent '.tobacco, resulting in accumulation of low levels of ricinoleate

allergens, which make it hazardous to grow, harvest, and N S€ed oil €). Expression of this enzyme in transgenic
process. It would be desirable to produce ricinoleate from a Arabidopsis thalianaesulted in improved but _st|II low amounts
transgenic oilseed lacking these toxic components. The biosyn-°f hydroxy FA (7) compared to castor oil (20% vs 90%
thetic pathway of triricinolein (RRR) and (12-ricinoleoylricin- ~ icinoleate in castor oil). N .
oleoyl)diricinoleoylglycerol (RRRR) in castor bean has been  We have identified and quantified 16 molecular species of
established, and the key enzymatic steps driving ricinoleate into AG in castor oil by Gg HPLC and evaporative light scattering
RRR and RRRR have been identifie2(5) (Figure 1). This detector (ELSD)ZO: The content of RRR in castor oil was ?l%.
information can be used to develop transgenic plants that The contents of diricinoleoylacylglycerols (RRAc) containing
produce seed oil containing RRR and RRRR without the non-ricinoleoyl cham_s are as fo!lows: diricinoleoyloleoylglyc-
aforementioned toxic substances. With the identification of €rol (RRO, 7.2%), diricinoleoyl-linoleoylglycerol (RRL, 6.6%),
RRRR in castor oil (5), it is desirable to overproduce RRRR in diricinoleoyl-linolenoylglycerol (RRLn, 0.15%), diricinoleoyl-
transgenic seed because of its higher ricinoleate contentStearoylglycerol (RRS, 1.1%), diricinoleoylpalmitoylglycerol
compared to that of RRR. The key enzymatic steps identified (RRP, 1.6%), and diricinoleoyl-lesqueroloylglycerol (RRLs,

were lysophosphatidylcholine acyltransferase (incorporates ole-0:7%)- The identity of these molecular species of AG in castor
oil has been confirmed recently by LC-ESI-MS (5). We are
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Figure 1. Proposed hiosynthetic pathway of castor oil. Green arrows show the key enzyme steps driving ricinoleate into acylglycerols. Two arrows with
solid bars show a complete block. Red arrows show the phospholipase C hydrolysis, which can be targeted to block the incorporation of non-hydroxyl
fatty acids into triacylglycerols to increase presumably the content of ricinoleate in transgenic seed oils.

interpret the biosynthetic pathway and predict the physical ESI-MS? of the Fraction Collected Diricinoleoylacylglycerols
properties of castor oil relevant to industrial uses. The regiospe- (RRAc). An LCQ Advantage ion-trap mass spectrometer with Xcalibur
cific characterization of triacylglycerols (TAG) as lithiated 1.3 software (ThermoFinnigan, San Jose, CA) was utilized fo? MS
adducts by collisionally activated dissociation tandem mass analysis of the various RRAc fractions collected from castor 9jl (
spectrometry (CAD-M3 has been reported (8). We used a Direct infusion of 20QuL samples into MS at a 2.6L/min flow rate

T . . . - . from a syringe pump produced stable singly charged parent ions, which
similar tgqhnlque, MS to determine .the regiospecific location were subsequently fragmented for M&hd MS analysis. ESI source
of non-ricinoleoyl acyl groups (Ac) in RRAc.

conditions were as follows: 50 arbitrary units (au) of nitrogen (Praxair)
sheath gas flow rate, 4.5 kV spray voltage, 26Qcapillary temperature,
EXPERIMENTAL PROCEDURES isolation width of m/z 1.0 or 1.5, mass range af/z 300—2000,

Materials. Castor oil and lithium acetate were obtained from Sigma. acquisition time of 3 min, capillary voltage of 38 V, and normalized

. : : llision energy ranging from 36 to 41% for both M&nd MS
Fisher brand HPLC grade solvents for chromatographic separation and®® . B
Burdick & Jackson GC-MS grade methanol and isopropanol for LC- fragmentations, varying between TAG samples. Research grade (99.999%)

MS were purchased from Fisher Scientific. High-purity nitrogen and helium was used as collision gas.

helium gas for LC-MS were acquired from Praxair (Oakland, CA).
HPLC Fractionation of the Molecular Species of TAGs in Castor RESULTS AND DISCUSSION

Oil. The fractionation of the molecular species of TAGs in castor oil HPLC fractionation of TAG in castor oil was the same as
was the same as previously reported for the fractionation and collection we reported recenthys]. The fractions collected, RRLs, RRLN,

of RRR and RRRRY). The chromatograms showing the fractionation . .
of RRLs, RRLN, RRL, RRP, RRO, and RRS in castor oil have been RRL RRP, RRO, and RRS, in elution order, were analyzed by

published (15). Chromatographic fractionation was performed using ESI-MS’ as “f[h'um adducts. RRP eluted 3“_9ht|y earlier than
a Waters HPLC (Waters Associates, Milford, MA) and g Glumn RRO, which is the reverse order from earlier repofs10)
(Gemini, 250x 4.6 mm, 5um, C18, Phenomenex, Torrance, CA). that“P” species of TAG elutes slightly later than the “O” species
One milligram of castor oil was chromatographed at@2with a linear of the TAG, with all else equal. The TAG of earlier reports did
gradient from 100% methanol to 100% 2-propanol in 40 min, at a 1 not contain ricinoleate. The relative retention times of TAG-
mL/min flow rate, and detected at 205 néy {0). Half-minute fractions containing ricinoleate have been reported (11).

were f:ollected, and ar)alogogs fractions were pooled from SiX runs.  The M spectrum of [RRO+ Li] + at m/z923.7 (Figure 2)
The six RRAc and their fractions collected for MS analysis were as shows the precursor ion and the fragment ions of [RRO

follows: RRLs (fraction 21), RRLn (fractions 26 and 27), RRL . -
(fractions 29 and 30), RRP (fraction 32), RRO (fractions 32 and 33), Li — RCOOHT" at m/z625.5 and [RROF Li QC.:O.OHF at .
m/z 641.5, reflecting the neutral losses of ricinoleic acid

and RRS (fractions 36 and 37). Fractions were evaporated to dryness A . .
with nitrogen gas at 22C using a Pierce Reacti-Vap (Rockford, IL) (RCOOH) and oleic acid (OCOOH), respectively. The structures

evaporation unit. The residues were redissolved in 1.5 mL of methanol Of these fragment ions have been proposed to contain a 1,3-
containing 20 mM lithium acetate. TAG concentrations were calculated dioxolane ring (five-membered ring) with the two carbon atoms
using previous ELSD data obtained from HPLC separations (5). on the ring from the glycerol backbone) (& nlike the previous



Diricinoleoylacylglycerols in Castor Oil

100+ 625.5
95-|
90

85

@ M N N @
NITTENGETIAETE O

.88

6415

&

Relative Abundance
3.3

NN W W o
e .9.,.9..9
o T g Do e

3.8 .5,

[RCOOH +Li]*

-

o

Lidnlin

3053 361.2
I

J. Agric. Food Chem., Vol. 55, No. 6, 2007 2211

3 [ROR + Li - RCOOH[*

[ROR + Li — QCOOH]'

923.7
C [ROR+LiT

809.5

Q@

T T R T T T T T T T T T

300 400 500

T

ey
600 700

miz

T T T T T T T T

900 1000

T R A haatia s s
800 1100 1200

Figure 2. lon trap mass spectrum of ESI-MS? of [ROR + LiJ* ion at m/z 923.7. Both R and RCOOH are ricinoleic acid. Both O and OCOOH are oleic
acid. ROR is diricinoleoy-oleoyl-glycerol (non-stereospecific) from castor oil including RRO and ORR if any.

paper 8), the neutral loss of the lithium salts of these fatty acids
from [RRO + Li]™ was not observed as [RRG@ Li —
(RCOOLi)I* and [RRO+ Li — (OOOLIi)]*. The other non-
lithiated adducts, for example, RCO[RCO" — 18]", OCO",
[OCOt — 18], shown earlier&) were also not observed here,
yielding a much simpler spectrum (Figure 2). The difference

section. The fragmentation pathway of the loss af-
unsaturated fatty acids specific at the-2 position has been
proposed previously by Hsu and Turk as showirigure 4A
(8).

Figure 3 also shows ricinoleate, [RCOOHt Li] © at m/z
305.3, and oleate, [OCOOHt Li]* at m/z289.2, to a lesser

appearing in the spectra might be due to the different methodsextent. A major ion [RORt Li — RCOOH— C;H140]" atm/z
used. The earlier report (8) used a tandem sector quadrupoles11.4 was formed from the cleavage between C-11 and C-12

instrument with “in-source” CAD, whereas we used an ion-
trap instrument.

Ricinoleate, [RCOOH+ Li] ™ at m/z 305.2, was detected
slightly (Figure 2). Oleate, [OCOOHF Li] " atm/z289.3, was
not detected. In a recent report of Kpectra of sodium adducts
of [RRRR + Na]* at m/z1236.0 from (12-ricinoleoylricino-
leoyl)diricinoleoylglycerol (RRRR) and [RRR- Na]* at m/z
955.7 from triricinolein (RRR)§), we detected the free fatty
acid, [RCOOH+ Na]* at m/z321.2 and [RCOORCOOH-
NaJ* at m/z601.5 from RRRR. For the purpose of detecting
free fatty acids in M&spectra of acylglycerols, sodium adducts
yielded improved fragmentation in comparison to lithium and
ammonium adducts.

Figure 3 shows the M$ spectrum of [ROR+ Li —
RCOOH]" atm/z625.5. Regiospecific ions were derived from
the loss of a,f-unsaturated fatty acids specific at the
sn2 position @) and were the two ions of [ROR- Li —
RCOOH — O'CH=CHCOOH] at m/z345.2 and [RRO and/
or ORR+ Li — RCOOH— R'CH=CHCOOHT atm/z329.3.
The abundance of the latter ion was very lokigure 3). It
seems that the oleoyl moiety of ROR (non-stereospecific) in
castor oil was mostly at then-2 position according to the
relative abundances of/z345.2 and 329.3. However, most of
the ion atm/z 345.2 was from [ROR+ Li — RCOOH —
R"CH=C=O0]", not [ROR + Li — RCOOH — O'CH=
CHCOOH]J". The ratio of these two ions and identification of
the ion resulting from the loss of ketene will be given in a later

of the ricinoleoyl chain next to the hydroxyl group. The
hydrogen atom of the hydroxyl group migrated to this lithium
adduct during fragmentation. A major ionrat{z569.3 (Figure

3) may be the acid anhydride of ricinoleate and oleate,
[RCOOCOO + Li]*, and is the same as [ROR Li —
RCOOH— C3H4Q]*. The proposed fragmentation pathway for
[ROR + Li — RCOOH — C3H4O]* is shown inFigure 4B,

with the intermediate containing a 1,3-dioxolane five-membered
ring with the two carbon atoms of the ring originating from the
glycerol backbone. ¢H,0 is the same as GHCHCHO from

the glycerol backbone of the TAG. The ion from the loss of
glycerol and formation of acid anhydride from the two fatty
acids has not been reported previously. In addition to the acid
anhydride, it is also possible that the structurentd 569.3 was
similar to that of acid anhydride shown Figure 4B except

the location of the double bond. Instead of the double bond at
the keto group, the double bond was at the C-1 position
(carbon—carbon double bond) of the same acyl chain and the
keto group became a hydroxyl group. The double bond at C-2
aso,f-unsaturated fatty acids was also possible for the ion at
m/z569.3.

Figure 5 shows the MS$ spectrum of [ROR+ Li —
OCOOH]" at m/z641.5. The relative abundance of the ion at
m/z 345.2, [RRO and/or ORR+ Li — OCOOH — R'CH=
CHCOOHT, resulting from the loss oft,5-unsaturated rici-
noleic acid specific at then-2 position, was low compared to
those of the five major ions. However, this ion was still
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Figure 3. lon trap mass spectrum of ESI-MS® of [ROR + Li — ROOH]* at m/z 625.5. For abbreviations, see Figure 2. O 'CH=CHCOOH is a.f-
unsaturated oleic acid from the sn-2 position. R"CH=CHCOOH is a.8-unsaturated ricinoleic acid from the sn-2 position. C;H40 is the loss from the
cleavage between C-11 and C-12 of ricinoleate chain. CsH,0 is the loss of glycerol backbone to form acid anhydride of two fatty acids. R""CH=C=0
is a ketene from ricinoleate at the sn-1,3 position.
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Figure 4. Proposed fragmentation pathways of triacylglycerol lithium adducts by ESI-MS3: (A) loss of fatty acid at sn-3, then the loss of a,5-unsaturated
fatty acid at sn-2 [proposed by Hsu and Turk (8)]; (B) loss of fatty acid at sn-3, then the loss of C3H,4O from glycerol backbone to form acid anhydride;
(C) loss of fatty acid at sn-2, then the loss of C3H4O from glycerol backbone to form acid anhydride. R = fatty acid. Subscripts after R represent the
stereospecific locations.

significant; thus, RRO and ORR are present in castor oil. C=0 and OOCH-C=0 were regiospecific and bound to the
Ricinoleate, [RCOOHt Li]  atm/z305.3, was one of the major ~ sn-1 and/orsn-3 positions (8) and that the contents of RRO
ions. As expected, oleate, [OCOOHLIi] " at m/z289.3, was and ORR were very low.
not present. The ion atm/z527.3 (Figure 5), [ROR+ Li — OCOOH—
[ROR + Li — OCOOH — R"CH=C=O0}" at m/z 361.2 C;H1,0]*, was from the cleavage between C-11 and C-12
occurred as a major ionF{gure 5), whereas [RRO and/or  adjacent to the hydroxyl group of the ricinoleoyl chain. The
ORR+ Li — RCOOH— O"CH=C=O0}" at m/z361.2 was a major ion atm/z 585.4 might be the acid anhydride of ricinoleic
minor ion (Figure 3). These results indicate that loss 6fGH= acid, [RCOOCORY Li] *, and was the same as [RORLi —



Diricinoleoylacylglycerols in Castor Oil

J. Agric. Food Chem., Vol. 55, No. 6, 2007 2213

100 3612
31 . [ROR + Li - OCOOH - R"CH=C=0]'
95+
03 305.2
85- [RCOOH + Li]* 585.4
80= ! [ROR + Li - OCOOH — C,;H,0]"
75=
70= ;
4 : !
657 \ :
‘ .
60] !
@
g2 3
& 55
g 3
2 505 527.3
s 13 [ROR + Li — OCOOH - C,H,,0]
T 454 !
3
o |
407 ) 641.5
35§ : [ROR +Li - OCOOH]'
3o—f
25 i
= m/z 3452 i
204 [RRO and/or ORR + Li — i
= ; OCOOH - R’CH=CHCOOH]
155 :
10= ;
o 3432 5975 :
= 304.2 : ‘
1911 2228 2872 ‘ U : 4712 4834 567.5 5845 6235 .
o L e e e B B B i e IR Ead| y‘v*f‘ T i s e T N SRRt st R TR S s S
200 250 300 350 400 450 500 550 600 650 760 750

miz

Figure 5. lon trap mass spectrum of ESI-MS? of [ROR + Li

OCOOH— C3H4QO]*. The loss of GH40, m/z 56, is also shown

in Figure 3 atm/z569.4. The proposed fragmentation pathway
for [ROR + Li — OCOOH — C3H4O]t is shown as
Figure 4C.

Figure 6 shows the MS$ spectrum of [RLR+ Li —
RCOOH]" at m/z623.5.Figure 7 shows the M8spectrum of
[RLNR + Li — RCOOH]" at m/z 621.5. The fragmentation
pattern shown in these two MSpectra is similar to that given
in Figure 3. Figure 7 shows the three different ions, [RLnR
Li — RCOOH— R"CH=C=O0]" atm/z341.2, [RLnR+ Li —
RCOOH - LnCOOHF at m/z 343.2, and [RLnR+ Li —
RCOOH Ln'CH=CHCOOH]" at m/2345 3, and these three
m/zvalues are differenfigure 6 shows both of the ions [RLR
+ Li — RCOOH— R'CH=C=0]" and [RLR+ Li — RCOOH
— LCOOH]+ atm/z343.2. These two ions are not isotopic with
the ion used for the regiospecific identification, [RERLI —
RCOOH — L'CH=CHCOOH]" at m/z345.3.

In Figure 3, most of the ion am/z345.2 was from [ROR¢
Li — RCOOH — R'CH=C=O]", not [ROR + Li —
RCOOH O"CH—CHCOOH]+ becausé-igure 7 showed that
the abundance of [RLnR Li — RCOOH — R"CH=C=0]"
was almost 4 times of that of [RLnR- Li — RCOOH —
Ln'CH=CHCOOH]". Hsu and Turk §) did not mention the
loss of the ketene from lithiated TAGs and mentioned only the
loss of thea,S-unsaturated fatty acids. However, in this paper
the losses of ricinoleate ketenesat-1,3 positions were major
ions. All of the major ions from the loss of ketenekigures
3 and 5—7 were from the loss of ricinoleate ketene. The

— OCOOHJ* at m/z 641.5. For abbreviations, see Figures 2 and 3.

RCOOH]" atm/z669.5 were also obtained. These spectra were
similar to those shown ifrigures 3,6, and7. The ions due to
the loss ofa,f-unsaturated fatty acids specific at ta-2
position, [RSR+ Li — RCOOH— S'CH=CHCOOHY at m/z
345.3, [RPR+ Li — RCOOH - P CH=CHCOOHT at m/z
345.3, and [RLsR+ Li — RCOOH— Ls'CH=CHCOOHJ at
m/z 345.3, were different from the ions of [RSR Li —
RCOOH — R"CH=C=O0]" at m/z 347.3, [RPR+ Li —
RCOOH — R"CH=C=0]" atm/z319.2, and [RLsRt Li —
RCOOH— R"CH=C=0]" atm/z389.3. Therefore, the relative
abundance of the ions resulting from the loss of th@-
unsaturated fatty acids specific at tka-2 position can be
estimated directly.

The contents of RAcCR among RRAc, RAcCR, and AcRR
combined were estimated by the comparison of relative abun-
dances of the two ions [RACR Li — RCOOH — Ac'CH=
CHCOOH]" and [RRAc and/or AcRR+ Li — RCOOH —
R'CH=CHCOOHY as shown irFigures 3,6, and7. Among
the 12 ions used from the six RRAc in castor oil, only the ion
[ROR + Li — RCOOH— O'CH=CHCOOHJ atm/z345.2 in
Figure 3 was mixed with the ion from the loss of ketene,
[ROR + Li — RCOOH — R'CH=C=O0]" at m/z345.2. The
relative abundance of [ROR- Li — RCOOH — O'CH=
CHCOOHTJ" was estimated from the ratios of the three ions
[RLNR + Li — RCOOH— R"CH=C=0]" atm/z341.2, [RLnR
+ Li — RCOOH— LnCOOH]" atm/z343.2, and [RLNR Li
— RCOOH — Ln'CH=CHCOOH]" at m/z345.3 inFigure 7.
The relative abundance of [ROR Li — RCOOH— O'CH=

hydroxyl group on ricinoleate and the methods used made the CHCOOH]" was then compared with that of [ROR Li —

difference. This is the first report of the MS of lithiated TAG
containing ricinoleate. Neutral loss of ketene atgh& position
was proposed by Cheng et al. as [RGO74]" (12) on the
CAD spectra of ESI-produced [M- NH4] ™.

The MS spectra of [RSR+ Li — RCOOH]" at m/z627.5,
[RPR + Li — RCOOH}" at m'z 599.5, and [RLsR+ Li —

RCOOH— R"CH=CHCOOH]" atm/z 325.3 to get the content

of ROR. When the ratio of the abundances of [RL#RLI —
RCOOH — LnCOOH}" at m/z 343.2 and [RLhR+ Li —
RCOOH~— Ln'CH=CHCOOH]" atm/z345.2 inFigure 7 was
used, the content of ROR among the three isomers (ROR, RRO,
and ORR) combined was 88%. When the ratio of the abun-
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Figure 6. lon trap mass spectrum of ESI-MS® of [RLR + Li — RCOOH]* at m/z 623.5. For abbreviations, see Figures 2 and 3. L'CH=CHCOOH is
a,B-unsaturated linoleic acid from the sn-2 position. Both L and LCOOH are linoleic acid. RLR here is diricinoleoy-linoleoyl-glycerol (non-stereospecific)
from castor oil including RRL and LRR if any.

dances of [RLnRt+ Li — RCOOH — R"CH=C=O0]}" at m/z and/or ORR+ Li — RCOOH — R'CH=CHCOOH} at m/z
341.2 and [RLNR+ Li — RCOOH Ln CH=CHCOOHT at 329.3 (Figure 3), [RRO and/or ORR- Li — OCOOH —
m/z 345.3 inFigure 7 was used, the content of ROR among R'CH=CHCOOH]" at m/z 345.2 Figure 5), [RRL and/or
the three isomers (ROR, RRO, and ORR) combined was 91%.LRR + Li — RCOOH — R'CH=CHCOOH]}" at m'z 327.3
We prefer to use the latter, because it avoided the use of the(Figure 6), and [RRLn and/or LnRR+ Li — RCOOH —

third ion for calculation. R'CH=CHCOOH] at m/z 325.3 (Figure 7). We assume a
From the relative abundances of the two ions derived from linear relationship of the ion response and the amount of isomer
the loss ofa,f-unsaturated fatty acids specific at tka-2 as reported earlier (15).

position for each of the other RRAc in castor oil, we estimated  The ratio [RR]}/[OR]* from ROR (about 91% regiospecifi-
the content of the 1,3-diricinoleoyl-2-acgh-glycerol species  cally pure) shown inFigure 2 was 58%. This did not agree
among the three isomers as follows: RLR, 95%; RLnNR, 96%; with the previous reporig) that the ratio of [AA}'/[AB] * from
RSR, 96%; RPR, 78%; and RLsR, 31%. These values fall ABA obtained from the regiospecific SOS and POP standards
consistently within=3% in repeated experiments. Both S  was about 1:3 (or 33%). The disagreement might be because
and CAD-MS were used to measure the content of each 1,3- ROR contained hydroxy fatty acids and the ratio of [AA]
diricinoleoyl-2-acyl-sn-glycerol among the three possible ste- [AB]* from ROR using the current method resulted in different
reoisomers with equivalent results (data not shown). ratios. The ratio of [RR}/[LR]T from RLR (about 95%
Regioisomers in vegetable 0il$3) and in animal fatsl4) regiospecifically pure) was 50%, and the ratio of [RRINR]™"
have been identified by atmospheric pressure chemical ioniza-from RLnR (about 96% regiospecifically pure) was 52%. These
tion—mass spectrometry (APCI-MS) based on the premise thattwo ratios were similar to those from ROR.
the loss of the acyl group from then-1 orsn-3 position is Oleate of oleoyl-CoA is incorporated into 2-oleoylphosphati-
energetically favored over the loss from th@-2 position. The dylcholine (2-oleoyl-PC) by lysophosphatidylcholine-acyltrans-
ratios of the regiospecific isomers can be determined from a ferase and then hydroxylated to 2-ricinoleoyl-PC by 12-
linear calibration curve of the ratio of [Lt:Jand [LOJ" derived oleoylhydroxylase in castor microsomeBidure 1) (2, 5).
from various concentrations of regiospecific LOL and LLO 2-Oleoyl-PC is also desaturated to 2-linoleoyl-PC and then to
standards by APCI-MS16, 16). We cannot use this method to  2-linolenoyl-PC (2). Various fatty acids can be incorporated at
determine the ratios of regioisomers of diricinoleoylacylglycerols different rates into PC by lysophosphatidylcholine-acyltrans-
because of a lack of the regiospecific standards. In addidion, ferase 4). These 2-non-ricinoleoyl-PC are converted to 1,3-
the very minor regioisomers cannot be positively identified by diricinoleoyl-2-nonricinoleoyl-sn-glycerol (RAcR) through re-
this method, because both LOL and LLO produce both {LL] actions catalyzed by phospholipase C and then diacylglycerol
and [LOT". ESI-MS® of lithium adducts detects ions from the acyltransferase (DGAT). Among these RAcCR, only ROR and
loss ofa,-unsaturated fatty acid specific at the-2 position, RLR, the most abundant RACR in castor oil, are shown in
so the very minor regioisomers can be identified, such as [RRO Figure 1. PC can be hydrolyzed by phospholipaset@release
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Figure 7. lon trap mass spectrum of ESI-MS? of [RLnR + Li — RCOOH]* at m/z 623.5. For abbreviations, see Figures 2 and 3. Ln'CH=CHCOOH is
o,f-unsaturated linolenic acid from the sn-2 position. Both Ln and LnCOOH are linolenic acid. RLnR here is diricinoleoy-linolenoyl-glycerol (non-

stereospecific) from castor oil including RRLn and LnRR if any.

fatty acids. Fatty acids are then activated to become acyl-CoA.

Ricinoleoyl-CoA, linoleoyl-CoA, linolenoyl-CoA, and lesquer-
oloyl-CoA must come from the pathway involving PC, where
hydroxylation and desaturation occur. Oleoyl-CoA, stearoyl-
CoA, and palmitoyl-CoA can be available from the plastid.
Acylation on the glycerol backbone by acyl-CoA can bemt

1, sn-2, andsn-3 by different acylation steps on the pathway.

The contents of the five RACR containing non-hydroxyl acyl
chains at thesn-2 position were high. This indicated that
phospholipase Ahydrolysis of PC containing non-hydroxyl
fatty acid at thesn-2 position is either blocked or partially
blocked in vivo and these non-hydroxyl fatty acids stay mostly
atsn-2 position of triacylglycerol in castor oil. It has been shown
previously in vitro that ricinoleate was released specifically from
PC by phospholipase Ain castor microsomes (12,8). The
lesqueroloyl moiety on thesn-2 position of diricinoleoyl-
lesqueroloylglycerol represents about one-third of the three
possible isomers, suggesting that 2-lesqueroloyl-PC, like 2-ri-
cinoleoyl-PC, can be hydrolyzed by phospholipasg &
ficiently. In addition, lysophosphatidic acid acyltransferase
(acylation step orsn-2) may incorporate more non-hydroxyl
fatty acids into castor oil than the acylation steps of lysophos-
phatidic acid acyltransferasen-1) and diacylglycerol acyl-
transferase (sn-3) combined.

In castor oil, non-hydroxyl fatty acids are mostly at gre2
position, whereas in seed oils lacking hydroxy fatty acid,
unsaturated fatty acids are mostly at the-2 position. The
incorporation of non-hydroxyl fatty acids into triacylglycerols,

for example, ROR and RLR, includes the enzymatic steps
catalyzed by phospholipase C and DGAT. Down-regulation of
DGAT will block the incorporation of both hydroxy and non-
hydroxyl fatty acids into triacylglycerols, potentially affecting
oil yield. Therefore, phospholipase C can be the target to block
the incorporation of non-hydroxyl fatty acids into triacylglyc-
erols to increase presumably the content of ricinoleate in
transgenic seed oils.
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