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ABSTRACT

The acyl coenzyme A (CoA) preference of the glycerol phosphate
pathway in the microsomes from the maturing seeds of palm (Butia
capitata Becc.), maize (Zea mays L.), and rapeseed (Brassica napus L.)
was tested. Each microsomal preparation was incubated with 1[4C-UI-
glycerol-3-phosphate and either lauroyl CoA, oleoyl CoA, or erucoyl
CoA, and the '4C-lipid products were separated and quantitated. In the
presence of oleoyl CoA, the microsomes from each of the three species
produced lysophosphatidic acid, phosphatidic acid, diacylglycerol, and
triacylglycerol with kinetics consistent with the operation of the glycerol
phosphate pathway. In the presence of erucoyl CoA, the microsomes
from all the three species did not produce di- or tri-acyl lipids. In the
presence of lauroyl CoA, only the microsomes from palm, but not those
from maize or rapeseed, synthesized di- and tri-acyl lipids. This lack of
reactivity of lauroyl CoA was also observed in the microsomes from
maturing castor bean, peanut, and soybean. In maize seed and rapeseed,
but not palm seed, the kinetics of labeling suggest that lauroyl and
erucoyl moieties of the acyl CoAs were incorporated into lysophosphatidic
acid but failed to enter into phosphatidic acid and thus the subsequent
lipid products. We propose that the high degree of acyl specificity of
lysophosphatidyl acyltransferase is the blocking step in the synthesis of
triacylglycerols using lauroyl CoA or erucoyl CoA. The significance of
the findings in seed oil biotechnology is discussed.

In oil seeds, the FA3 composition of the storage TG is species-
and variety-specific, and it can be modified by environmental
factors such as temperature (14, 18). Within a seed species, the
FA composition in each of the three positions of a TG is also
largely inherited (18).

In seeds as well as in mammalian tissues, TG is synthesized
from acyl CoA and glycerol-P via at least four enzyme reactions
in the glycerol-P pathway (Kennedy pathway). The first two
enzymes are glycerol-P acyltransferase and LPA acyltransferase.
These two enzymes possess some acyl CoA preference, especially
the second enzyme, such that their specificities as well as the in
vivo pool sizes of acyl CoAs produce the observed positional acyl
specificity in the TG (1, 14, 18, 19). The third enzyme is PA
phosphatase, and its substrate specificity as far as the acyl moiety
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is concerned is unknown (18). The last enzyme, DG acyltrans-
ferase, is supposed to be relatively less specific for acyl CoAs,
and it is assumed that the in vivo pool sizes of the acyl CoAs
largely determine the acyl moiety in the sn-3 position of the TG.

In seed oil biotechnology, one major goal is to alter the chain
length of the fatty acyl moiety of the TG (7, 13, 18). Researchers
are using different approaches to manipulate the genes control-
ling enzymes for the elongation of FA. This manipulation ap-
pears to be theoretically workable. However, what is not known
is whether the newly designed FA can be accommodated by the
other components of the TG synthesis machinery. The acyl
preference of all the three glycerol acyltransferases in maturing
seeds ofdifferent species had been studied only with physiological
substrates of palmitoyl CoA and C-18 acyl CoAs having 0-3
double bonds (4, 8, 11, 12, 18). Their activities on shorter or
longer nonphysiological acyl CoAs had not been known.

Recently, we reported that DG acyltransferase from Cuphea
and maize can utilize either lauroyl or oleoyl CoA, but not
erucoyl CoA (5). The enzyme from rapeseed can utilize all the
above three acyl CoAs. The implication of these findings is that
the enzyme from different seed species can utilize acyl CoAs of
physiological or shorter nonphysiological FA, but not of longer
nonphysiological FA. We have extended our studies of acyl
preference to the whole glycerol-P pathway, which involves four
or more enzymes. Again, we used three selected oil seeds, palm,
maize, and rapeseed, which have unique and very contrasting
acyl moieties in the TG. We used palm endosperm instead of
Cuphea cotyledon as the tissue that contains high amounts of
lauric acid in TG, because we could obtain maturing palm seeds
easily and in large quantities.

MATERIALS AND METHODS

Plant Materials. The oil storage tissues of maturing seeds at a
stage when the fresh weights were approximately half of the
values in the mature seeds were used. The scutella of inbred
maize (Zea mays L. cv Mo- 17), the cotyledons of rapeseeds
(Brassica napus L. var. Dwarf Essex and var. Tower), the coty-
ledon of soybean (Glycine max L. merr cv Coker 237), and the
endosperm of castor bean (Ricinus communis L. var. Hale) were
obtained from plants grown in the greenhouse. Palm (Butia
capitata Becc.) seeds were collected from a local plant, and the
endosperm was used. The cotyledons of peanut (Arachis hypo-
gaea L.) of unknown variety were obtained from plants grown
at a local farm.

Preparation of Microsomes. All operations were performed at
0 to 4°C. The tissues were chopped with a razor blade in grinding
medium in a Petri dish and then homogenized gently with a
mortar and pestle. The grinding medium contained 1 mM EDTA,
10 mm KCI, 1 mM MgCl2, 2 mm DTT, 0.6 M sucrose, and 0.15
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M Tricine-HCl buffer (pH 7.5). The homogenate was filtered
through a Nitex cloth (20 x 20 ,um). The filtrate was centrifuged
at 10,000g for 15 min, and the supernatant was recentrifuged at
100,000g for 100 min. The pellet was resuspended in a small
volume of grinding medium. This microsomal preparation was
either used immediately or frozen at -70°C until use.
Enzyme assays. The enzymic conversion of radioactive glyc-

erol-3-P to lipids was assayed at 32°C for durations specified in
"Results." Unless otherwise specified, the reaction mixture con-
tained, in a final volume of 0.5 mL, 0.15 M 3-(N-morpho-
lino)propanesulfonic acid-KOH (pH 7.2), 5 mM MgCl2, 0.1%
BSA, 50 uL microsomal preparation, 0.5 mM glycerol-3-P-['4C-
U](1 ,uCi, from New England Nuclear, Inc.), and 0.1 mm acyl
CoA (lauroyl CoA, oleoyl CoA, and erucoyl CoA, from Sigma
Corp.). This reaction mixture followed that described earlier ( 11)
with modifications. The reaction was initiated by adding the
microsomal preparation to the mixture. The reaction was
stopped by adding 0.5 mL 0.4 M HCI. Four milliliters of chlo-
roform/methanol (2:1, v/v) were then added, and the mixture
was shaken vigorously. The mixture was centrifuged for 5 min
at three-quarters full speed with an IEC HN-SII centrifuge. The
lower phase was collected and mixed with lipid standards (50 ,ug
each of dioleoyl PA, dipalmitoyl PA, oleoyl LPA, 1,2-diolein,
and triolein). It was washed with 2.5 ml 0.1 M HCl/methanol
(1:1, v/v), and the lower phase was collected after centrifugation
and evaporated to dryness under a stream of nitrogen. The
residues were redissolved with 250 ,uL chloroform and were
divided into two equal halves for the separation of neutral lipids
and phospholipids by TLC. The chloroform-lipids were applied
to TLC plates (Whatman K-6 silica gel plates) and chromato-
graphed in hexane/diethyl ether/ acetic acid (50/50/1, v/v/v) for
the separation of neutral lipids, and in chloroform/methanol/
water/acetic acid (85/15/3.5/1, v/v/v/v) for the separation of
phospholipids. The silica spots corresponding to the various
lipids were visualized with iodine or by radioautography and
were scraped into scintillation vials and counted for `4-C.

RESULTS

Experimental Design. Seeds of three species were selected
because of their content of unique and diverse FA in the storage
TG. Maize kernel TG contain about 50% linoleic acid and 30%
oleic acid (9). Rapeseed (B. napus L. var Dwarf Essex) has about
40% erucic acid, 15% linoleic acid, and 15% oleic acid in the
seed TG (9, 16). Several palm species are known to contain a
high percentage of lauric acids in the seed TG (9). We chose a
palm (B. capitata Becc.) from a local city street to do our studies.
In our gas chromatographic analysis, seed lipid bodies isolated
from this palm contained about 41% lauric acid, 18% oleic acid,
12% myristic acid, 10% palmitic acid, 10% linoleic acid, and 7%
capric acid.
The microsomal fractions from the endosperm of palm, the

cotyledons of rapeseed, and the scutella of maize of maturing
seeds were used as the sources of enzymes. It is known that the
microsomes from maturing seeds of many species contain the
entire glycerol-P pathway for the synthesis ofTG from glycerol-
3-P (18). In our studies, we applied ['4C-U]glycerol-3-P and either
lauroyl CoA, oleoyl CoA, or erucoyl CoA to the microsomes,
and we observed the formation of products of the glycerol-P
pathway.
We used the microsomes from two varieties of rapeseed, the

normal rapeseed containing a high percentage of erucic acid
(variety Dwarf Essex) and an erucic acid-free rapeseed (variety
Tower). The microsomes from both varieties exhibited very
similar patterns of activities. These similarities include the kinet-
ics of labeling in the presence of oleoyl CoA and the failure of
incorporating erucoyl moiety of erucoyl CoA into TG (data not
shown). Because of the availability of the microsomes from

variety Tower during the experimental period, we used this
variety to do the direct comparative studies in connection with
the palm and maize microsomes, and we present the data on
variety Tower only in this report.

Kinetics of Incorporation of [14CJGlycerol-3-P into '4C-lipids
Using Oleoyl CoA as the Acyl Group Donor. Using oleoyl CoA
as the acyl group donor, glycerol-3-P is converted to LPA, PA,
DG, PC, and TG according to the known glycerol-P pathway
(Fig. 1). The kinetics of labeling were similar among the three
microsomal preparations. Little LPA accumulated. In maize and
rapeseed, PA was produced in high amounts initially, and it then
decreased concomitant with the increases in DG and TG. In
palm, PA continued to accumulate while the production ofDG
and TG followed; no PC was produced.
The observed kinetics of labeling of the various lipids are in

accord with the operation of the glycerol-P pathway reported
earlier (17, 18). In addition, they are also in agreement with the
activities of the individual enzymes detected in vitro ( 12). Little
LPA accumulated in the reaction mixtures (Fig. 1). This is
consistent with the findings that in vitro, LPA acyltransferase
activity is about 10 times higher than glycerol-P acyltransferase
activity (12). Substantial amounts of PA and DG accumulated
before TG (Fig. 1). Again, this is consistent with the reports that
in vitro, DG acyltransferase activity is two orders of magnitude
less than LPA acyltransferase activity (12).

Oleic acid is an abundant FA in the TG of all the three seed
species. In addition, in maize and rapeseed, a sizable percentage
of oleic acid is present in each of the sn- 1, -2, and -3 positions of
the total TG (3). Thus, it is no surprise that oleoyl moiety of
oleoyl CoA was incorporated into all three sn positions in TG
by the microsomes from the three seed species.
The microsomal activities in the conversion of oleoyl CoA and

glycerol-3-P to total lipids were as follows: 39 nmol/h.g fresh
weight in palm, 100 nmol/h.g fresh weight in maize, and 354
nmol/h * g fresh weight in rapeseed. The maize microsomal activ-
ity is used as an example to compare this in vitro activity with
the in vivo rate of lipid synthesis. The observed activity in the
maize microsomes (2.1 mg/day.g fresh weight) in the synthesis
of total lipids is less than, but within the same order ofmagnitude
as, the in vivo rate of lipid synthesis (10-12 mg triolein/d *g fresh
weight, 4). This in vitro activity being lower than the in vivo
activity is likely due to the following factors. (a) We used 0.5 mm
instead of a higher concentration of glycerol-3-P in the assay in
order to increase the specific radioactivity. This concentration
was not sufficient to saturate the reaction. In separate experi-
ments using 0.1, 0.3, 0.5, and 0.7 mm of glycerol-3-P, we found
that 0.7 mm was still not sufficient to saturate the reaction carried
out by the microsomes from each of the three species (data not
shown). (b) We used 0.1 mm instead of a higher, saturating
concentration of oleoyl CoA in the assay. This concentration is
not sufficient to saturate the various acyltransferase reactions (4,
5, 12, 17, 18). Because of the presence of 5 mM Mg2" in the
reaction mixture, oleoyl CoA at concentrations of 0.2 mM or
higher in the present assay mixture would precipitate out (5, 6,
15). (c) Our gentle homogenization of the tissues and the subcel-
lular fractionation procedure should not have recovered all the
endoplasmic reticulum (microsomes). (d) It is likely that a suit-
able combination of different acyl CoAs to satisfy the different
acyl CoA preference of the acyltransferases would generate a
higher activity. For example, maize DG acyltransferase is twice
as active on linoleoyl CoA as on oleoyl CoA (4).
Acyl CoA Specificity of the Glycerol-P Pathway in Palm

Microsomes. The acyl CoA preference of the glycerol-P pathway
in palm microsomes was studied using increasing concentrations
of lauroyl CoA, oleoyl CoA, or erucoyl CoA in the presence of
['4C]glycerol-3-P (Fig. 2). A reaction time of 60 min was chosen.
At 60 min, the reaction was still in progress (Fig. 1), and the
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FIG. 1. Kinetics of labeling of the various glycerolipids from ['4C-]glycerol-3-P (0.5 mM) and oleoyl CoA (0.1 mM) by microsomes from the
maturing seeds of various species. Microsomes from palm (0.31 mg protein), maize (0.20 mg) and rapeseed (0.29 mg) were used in a reaction
mixture of 0.5 mL.
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FIG. 2. Labeling of the various glycerolipids from ['4C]-glycerol-3-P (0.5 mM) and increasing concentrations of different acyl CoAs by palm
microsomes. Microsomes containing 0.31 mg protein were used in a reaction mixture of 0.5 ml, and the reaction was allowed to proceed for 1 h;
12:0, lauroyl; 18:1, oleoyl; 22:1, erucoyl.

production of TG had not, leveled off. Each of the three acyl
CoAs generated a measurable but low amount of LPA. Either
lauroyl CoA or oleoyl CoA but not erucoyl CoA, generated PA,
DG, and TG. No PC was produced. Oleoyl CoA was roughly
twice as active as lauroyl CoA in generating PA, DG, and TG.

It is known that in oil palm, each of the three sn positions in
the total TG possesses a substantial percentage of lauroyl moiety
(2). Therefore, successful incorporation of the lauroyl moiety
into the TG in our studies using palm microsomes was not
unexpected.
Acyl CoA Specificity of the Glycerol-P Pathway in Maize

Microsomes. The acyl CoA specificity of the glycerol-P pathway
in maize microsomes was studied similarly (Fig. 3). Each of
lauroyl CoA, oleoyl CoA, and erucoyl CoA generated a low but
measurable amount of LPA. However, only oleoyl CoA gener-
ated the subsequent reaction products, including PA, DG, PC,
and TG.

Acyl CoA Specificity of the Glycerol-P Pathway in Rapeseed
Microsomes. The acyl CoA specificty of glycerol-P pathway in
rapeseed microsomes was studied similarly (Fig. 4). Again, each
of lauroyl CoA, oleoyl CoA, and erucoyl CoA generated a low
but measurable amount ofLPA. However, only oleoyl CoA, and
not even erucoyl CoA, generated the subsequent reaction prod-
ucts, including PA, DG, and TG.

Erucoyl CoA was not reactive with rapeseed microsomes in
generating TG, even though about 40% of the acyl moiety in
rapeseed TG is erucic acid. This finding should not be surprising,
since the sn-2 position ofrapeseed TG conspicuously lacks erucic
acid (16). As judged from the synthesis of LPA but not PA,
erucoyl CoA apparently was incorporated into the sn-l position

ofglycerol-3-P, but failed to enter the sn-2 position, and thus the
sn-3 position also.

In our studies of the normal rapeseed (variety Essex and the
erucic acid-free rapeseed (variety Tower), the acyl specificity of
the various enzymes behaved very similarly. The similarities
include (a) the kinetics of formation of PA, DG, PC, and TG
from oleoyl CoA and glycerol-3-P in the microsomal prepara-
tions, (b) the failure of the microsomal preparations to incorpo-
rate erucoyl moiety of erucoyl CoA into glycerol-3-P to produce
di- and tri-acyl lipids, (c) the ability of DG acyltransferase to
incorporate erucoyl moiety ofthe acyl CoA into the sn-3 position
of TG (5), and (d) the diverse acyl specificity of the seedling
lipases, including the ability to hydrolyze trierucin (10). These
similarities reaffirm the fact that erucic acid-free rapeseed was
obtained through breeding by eliminating the enzymes for the
elongation of fatty acid from C-18 to C-22; apparently, the acyl
specificity of the enzymes related to seed TG metabolism is not
altered.
The observation that rapeseed and maize microsomes did not

produce PA and other PA-derived lipids from erucoyl CoA or

lauroyl CoA is taken as evidence that the activity ofacyl CoA:PC
acyltransferase in the reaction mixture was not detectable. Oth-
erwise, the enzyme would have generated reactive acyl CoA such
as oleoyl CoA from the microsomal lipids, such that radioactive
PA and other PA-derived lipids would have been produced.
Since this was not so, the radioactive LPA generated should
represent the LPA containing the authentic acyl group of the
added acyl CoA.
Lack of Reactivity of Lauroyl CoA in Producing DG and TG

from Glycerol-3-P by Microsomes from Various Seed Species.
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FIG. 3. Labeling of the various glycerolipids from ['4C]glycerol-3-P (0.5 mM) and increasing concentrations of different acyl CoAs by maize

microsomes. Microsomes containing 0.20 mg protein were used in a reaction mixture of 0.5 mL, and the reaction was allowed to proceed for 1 h;
12:0, lauroyl; 18:1, oleoyl; 22:1, erucoyl.
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FIG. 4. Labeling of the various glycerolipids from [14C]glycerol-3-P (0.5 mM) and increasing concentrations of different acyl CoAs by rapeseed

microsomes. Microsomes containing 0.29 mg protein were used in a reaction mixture of 0.5 mL, and the reaction was allowed to proceed for 1 h;
12:0, lauroyl; 18:1, oleoyl; 22:1, erucoyl.

Table I. Conversion of['4C]Glycerol-3-P in the Presence ofEither
Lauroyl CoA or Oleoyl CoA to ['4C]PA, PC, DG and TG by

Microsomesfrom Maturing Seeds of Various Species
The results are expressed as ratios of the sum of the above 14C lipid

products generated in the presence of lauroyl CoA (0.1 mM) to those in
oleoyl CoA (0.1 mM).

Species and Tissues Lauroyl CoA/

Maize scutellum 4
Palm endosperm 48
Rapeseed cotyledon 2
Soybean cotyledon 3
Peanut cotyledon 6
Castor bean endosperm 8

DG acyltransferase in microsomes from Cuphea as well as maize
and rapeseed can transfer the lauroyl moiety of lauroyl CoA into
the sn-3 position of DG to form TG (5). In the current studies
ofmicrosomes from maize and rapeseed, lauroyl CoA apparently
could incorporate into the sn-i position of glycerol-3-P, but
failed to enter into the sn-2 position, and thus the sn-3 position
also. Similarly, the microsomes from soybean cotyledon, peanut
cotyledon, and castor bean endosperm of maturing seeds could
incorporate oleoyl moiety of oleoyl CoA into PA, DG, and TG,
but failed to do so with lauroyl CoA (Table I). Apparently, only
the microsomes from palm endosperm were able to transfer the
lauroyl moiety of lauroyl CoA into the sn-2 position of acylgly-
cerols.
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FIG. 5. Kinetics of short-time labeling of the various glycerolipids

from ['4C]glycerol-3-P (0.5 mM) and various acyl CoAs (0.1 mM) by
maize microsomes. The glycerolipids produced from oleoyl CoA (18:1)
and lauroyl CoA (12:1) are shown; no glycerolipids were produced from
eruoycl CoA.

Production of LPA from Glycerol-3-P and Lauroyl CoA,
Oleoyl CoA, or Erucoyl CoA. As judged from the kinetics of
labeling (Fig. 1) and the acyl CoA specificity (Fig. 2-4), the
microsomal preparation from palm, maize, or rapeseed produced
roughly equal amounts of LPA from glycerol-3-P with lauroyl
CoA, oleoyl CoA, or erucoyl CoA. These amounts represent the
steady state levels of LPA as an intermediate of the glycerol-P
pathway. Among the three microsomal preparations, maize mi-
crosomes produced more LPA relative to the other lipid prod-
ucts. We used maize microsomes to study the kinetics of incor-
poration of acyl moieties from lauroyl CoA, oleoyl CoA, and
erucoyl CoA into radioactive glycerol-3-P to form LPA and PA
at short time durations. To increase the sensitivity of the assays,
we used glycerol-3-P of higher specific radioactivity and lower
concentration (0.62 mM containing 0.9 ACi in 0.5 mL reaction
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mixture), and we scanned the radioautographs for the amounts
of radioactivities after a long (3 weeks) exposure of the TLC
plates. Figure 5 shows the data. In the presence of oleoyl CoA,
LPA was initially labeled and it gradually leveled off, PA started
to accumulate after an initial lag phase. In the presence oflauroyl
CoA, LPA was labeled and it gradually leveled off to an amount
higher than the corresponding oleoyl-LPA; no PA was produced.
In the presence of erucoyl CoA, no LPA or PA was produced
during the assay period (2 min). The findings show that the
relative rate of incorporation of acyl moieties from the three acyl
CoAs into glycerol-3-P is oleoyl CoA (LPA + PA) > lauroyl CoA
(LPA) > erucoyl CoA. In addition, they reaffirm the idea that
the lauroyl moiety of lauroyl CoA enters the sn- 1 position of
glycerol-3-P, but fails to incorporate into the sn-2 position.

DISCUSSION

A major objective of the current study was to determine if the
glycerol-P pathway in the microsomes from various seed species
can accept acyl CoA of nonphysiological shorter or longer fatty
chain length. The information is important in the biotechnol-
ogical modification of fatty acid composition of seed oils. It is
clear that the microsomal enzymes from diverse seed species
cannot utilize the nonphysiological long erucoyl CoA to synthe-
size TG. This lack of activity occurs even in the microsomes
from Brassica seeds which contain a high percentage of erucic
acid in the seed TG. In Brassica seeds, the acyl specificity of
LPA acyltransferase is such that erucic acid is selectively excluded
from the sn-2 position of the TG, whereas glycerol-P acyltrans-
ferase and DG acyltransferase can transfer erucic acid into the
sn- 1 and sn-3 positions, respectively. Continuous breeding of
rapeseed for higher erucic acid content has approached the
theoretical limit of 66% (16).
The microsomes from various seeds, except palm seed, cannot

utilize the nonphysiological short lauroyl CoA to produce TG.
This was a slight surprise. DG acyltransferase from various seed
species can utilize acyl CoAs of physiological or the nonphysiol-
ogical shorter lauric acid (5). In addition, the lipases from various
seed species generally can hydrolyze TG containing the physio-
logical or nonphysiological shorter fatty moieties (10). As judged
from the entry of lauroyl moiety from lauroyl CoA to LPA but
not PA, the blocking occurs at the LPA acyltransferase step. This
enzyme is known to be the most acyl-specific acyltransferase
among the three glycerol acyltransferases (1, 18, 19), and our
current findings show that it even does not act on lauroyl CoA.
A major need in the current seed oil biotechnology is to modify

the fatty acid moieties of TG from C- 16 and C- 18 to C- 12 and
C-10 in common agricultural oilseed crops. The present findings
offer several strategical considerations. First, the fatty acid syn-
thetase system should not be modified to a point such that only
short (lauric) fatty acids are produced. In order for the seed to
synthesize TG successfully, both short and long fatty acid should
be present. Second, since the sn-2 position in TG cannot be
occupied by lauric acid, theoretically only two-thirds of the total

fatty acids in the seed TG can be short (lauric) fatty acid. If TG
containing more than two-thirds of short (lauric) fatty acid is to
be synthesized, or ifthe fatty acid synthetase can only be modified
totally to synthesize short (lauric) fatty acid, genetic engineering
of LPA acyltransferase from palm or Cuphea into the targeted
seed crop is required. This latter manipulation will increase
substantially the effort in the genetic engineering, since it will
involve the successful genetic engineering of two presumably
unrelated genes.
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