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Microsomal membrane preparations from the develop- 
ing seeds of safflower (Carthamus tinctorius, var. Gila) 
and turnip-rape (Brassica campestris, var. Bele) cata- 
lyzed the assembly of triacylglycerols (triglycerldes) 
from sn-glycerol 3-phosphate and acyl-CoA. The mem- 
brane preparations were used to assess the acyl speci- 
ficity properties of the initial acylating enzymes-- 
glycerol 3-phosphate acyltransferase (GPAT) and 1-acyl- 
glycerol 3-phosphate acyltransferase (lysophosphatidic 
acid acyltransferase, LPAAT)--that  are responsible 
for the fat ty acids at positions sn-1 and sn-2 of the 
sn-triacylglycerol, respectively. In spectrophotometric 
assays it was possible to evaluate, to some extent, how 
these enzymes will utilize unusual and foreign fatty 
acids that are not normally found in these particular 
plant species. The acylating enzymes from both plants 
used, to varying extents, a comprehensive range of 
acyl-CoA donor species and some kinetic properties of 
the snbstrates involved are presented. The enzymes 
from safflower, however, were generally the more se- 
lective, whereas the turnip-rape was less particular 
and could utilize a range of acyl substrates. The en- 
zymes from both plants hardly utilized erucate (C22:1), 
and the significance of this is discussed in terms of 
mechanisms which have evolved in order to exclude 
certain, perhaps detrimental, fat ty acids from struc- 
tural membrane lipids and dedicate them to storage 
lipid assembly. 

The ability of the microsomal preparations, from 
the developing seeds of both plants,  to synthes ize  cocoa- 
butter type  fats  was  investigated.  Microsomal  mem- 
branes were incubated with glycerol 3-phosphate and 
equimolar amounts of palmitate, oleate and stearate. 
Safflower preparations catalyzed the construct ion of 
sn-tr iacylglycerol  wi th  largely palmitate ,  o leate  and 
stearate in positions sn-1, 2 and 3, respectively. The 
selectivity for acyl species in rape was less pronounced, 
however, substantial saturated-unsaturated-saturated 
oils were still produced. The results are discussed in 
terms of the acyl selectivity properties of the glycerol 
acylating enzymes. It is evident that given the correct 
composition of fat ty acids, the plant can produce cocoa- 
butter or other exotic fats. 
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Research worldwide is attempting to elucidate the regu- 
latory mechanisms of the fatty acid synthetase (FAS) 
enzyme-complex in plants and to understand how chain 
termination is regulated. A consequence of this could 
be the ability to manipulate the fatty acid products in 
oil seeds through genetic engineering, and hence some 
of the constituent enzymes have been characterized 
molecularly (1-3). I t  is, however, also necessary to 
establish whether the enzymes for the assembly of the 
triacylglycerol (triglyceride) in the recipient plant will 
utilize the appropriate fatty acids being synthesized 
by the modified FAS and yield the desired oils in a 
realistic quantity. 

A case in point is that  of cocoa-butter. Cocoa- 
butter is characterized by being particularly rich in the 
saturated fatty acids palmitate (C16:0) and stearate 
(C18:0), and the monounsaturated fat ty acid oleate 
(C18:1) (4). The major species of triacylglycerol is pre- 
dominantly (>70%) saturated in positions sn-1 and sn- 
3, and with the oleate in position sn-2 [5). The tria- 
cylglycerol palmitate-oleate-stearate (POS) constitutes 
nearly 50% of the total with significant proportions of 
palmitate-oleate-palmitate (POP; 16%) and stearate- 
oleate-stearate (SOS; 33%). It is this spectrum of tria- 
cylglycerol fatty-acid quality which endows the fat 
with it's unique physical and chemical properties use- 
ful for the manufacture of chocolate and the produc- 
tion of high premium confectionary fats. The develop- 
ment of new varieties with similar constituents to cocoa- 
butter, perhaps through recombinant DNA technol- 
ogy, has been speculated upon (6,7). With this in mind, 
it is necessary to consider the possible changes which 
would have to be brought about in the seeds of the 
appropriate plant species. In many plants a significant 
alteration in the quality of the fatty acids being syn- 
thesized in the seed would have to take place. The 
ability of the system to utilize these fatty acids in a 
correct fashion for the assembly of cocoa-butter tria- 
cylglycerols will also be a necessary prerequisite for 
the successful outcome of such projects. 

It is now possible to ascertain the latter for a 
number of oleaceous crops. Microsomal membrane prepa- 
rations from the developing seed-cotyledons of some 
species will catalyze the assembly of triacylglycerol 
from the substrates, acyl-CoA and sn-glycerol 3- 
phosphate at sufficient rates to give rise to fat drop- 
lets in the reaction mixtures (6,8). These in vitro model 
systems can also provide important information on 
whether a particular plant species will be able to effi- 
ciently synthesize oils containing foreign fatty acids. 
This is particularly pertinent in the future design of 
strategies necessary for the transformation of conven- 
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tional crops that will produce unusual fatty acids in 
their storage products. 

The assembly of the triacylglycerol occurs through 
the participation of reactions in the so-called Kennedy 
pathway (9), and involves the acylation of the glycerol 
backbone in three steps. The sequence is specific and 
initially the acylation occurs at positions sn-1 and 2 
by the enzymes, glycerol 3-phosphate acyltransferase 
(GPAT) and 1-acyl-glycerol 3-phosphate acyltransferase 
(LPAAT), respectively {10). The final acylation that 
occurs at position sn-3 is unique to triacylglycerol bio- 
synthesis and is catalyzed by diacylglycerol acyltrans- 
ferase (DAGAT) (10). Therefore, these acyltransferase 
enzymes regulate the stereochemical distribution of 
fatty acids in the final triacylglycerol. In this paper, 
we assess the acylating properties of the enzymes in- 
volved in triacylglycerol assembly, in the microsomal 
membranes prepared from the developing seeds of saf- 
flower and turnip-rape, in order to establish their abil- 
ity to utilize unusual fatty acids and to catalyze the 
formation of cocoa-butter type fats. 

MATERIALS AND METHODS 

Chemicals. [1-14C]Palmitic acid (hexadecanoic acid), [1-14C]- 
stearic acid (octadecanoic acid), [1-14C]oleic acid 
(octadeca-9-enoic acid) and [1-14C]linoleic acid (octadeca- 
9,12-dienoic acid) were obtained from The Radiochemi- 
cal Centre, Amersham, Bucks., U.K. bovine serum albu- 
min (fraction V, fatty acid free), CoASH, phospholi- 
pase A 2 [from Indian-cobra (Naja naja) venom], L-sn- 
glycerol 3-phosphate, 1-oleoyl-sn-glycerol 3-phosphate 
(lysophosphatidic acid), and the various fat ty acids 
were purchased from Sigma Chemical Company (St. 
Louis, MO). 

[1-~4C]Palmitoyl-CoA-g[1-14C]stearoyl-CoA (sp. ra- 
dioactivity 1450 d.p.m./nmol), [1-~4C]oleoyl-CoA (sp. 
radioactivity of 1450 d.p.m./nmol for the in vitro 
oil synthesizing experiments and 2850 d.p.m./nmol 
for the lysophosphatidic acid acyltransferase mea- 
surements), [1-14C]linoleoyl-CoA (sp. radioactivity 
2850 d.p.m./nmol) and various nonradio- 
active acyl-CoAs were synthesized from their mixed 
anhydrides  as described by Sanchez et al. 
(11). 

Plant material and microsomal preparations. Saf- 
flower (Carthamus tinctorius, var. Gila) and turnip- 
rape (Brassica campestris, var. Bele) plants were grown 
from seed in a 16 hr photoperiod at 25~ and an 8 hr 
night at 18~ Seeds were harvested at a stage of 
mid-maturity (14-18 and 22-28 days after flowering 
for safflower and rape, respectively), and the cotyle- 
dons removed and stored on ice. The cotyledons were 
ground in a mortar with two parts (w/v) of 0.1 M- 
potassium phosphate buffer, pH 7.2, containing 0.1% 
bovine serum albumin and 0.33 M-sucrose. The homo- 
genate was filtered through a double layer of Miracloth, 
diluted 10-fold with fresh grinding media and centri- 
fuged at 20,000 • g for 10 min. The supernatant was 
filtered through Miracloth and centrifuged at 105,000 
• g for 90 min. The resulting microsomal pellet was 
resuspended in 0.1 M-potassium phosphate buffer, pH 
7.2, and either used immediately or stored at -80~ 
until required. No significant loss in any of the glycerol 

acylating activities was observed upon storage of the 
suspension for up to three weeks. 

Protein determination. Protein was measured with 
the BCA protein-assay reagent of Pierce Chemical Com- 
pany (Rockford, IL) after treatment of the sample with 
0.1% sodium lauryl sulphate, and with bovine serum 
albumin as standard. 

Enzyme assays. Glycerol 3-phosphate acyltrans- 
ferase (GPAT) and the 1-acyl-glycerol 3-phosphate 
acyltransferase (lysophosphatidic acid acyltransferase; 
LPAATI were measured spectrophotometricaUy by the 
coupling of the free CoA (hberated from acyl-CoA) with 
5,5-dithiobis-(2-nitrobenzoicacid) (DTNB) by methods 
modified from (12). The increase in absorbance was 
followed at 405 nm in a Shimadzu UV-160 double-beam 
spectrophotometer at a temperature of 20~ 

In standard assays of the GPAT, the sample cuvette 
contained microsomal membranes (60-80 ~g of micro- 
somal protein), 50 nmol DTNB and 1 ~mol glycerol 
3-phosphate in 0.1 M-phosphate buffer, pH 7.2, in a 
total volume of 950 ~l. The reference cuvette contained 
all the additions as the sample cuvette but with the 
omission of glycerol 3-phosphate. The reaction was 
initiated by the addition of 7.5 nmol acyl-CoA (dis- 
solved in 50 ~1 water) to both cuvettes and with a 
thorough mixing of the reaction mixtures. After a time 
lag of 30-60 seconds (depending on the amounts of the 
enzyme present) the reaction proceeded at an essen- 
tially linear rate for 4 min. The increase in absorbance 
at 405 nm was monitored, and the activity calculated 
using a molar extinction coefficient of 13600. The 
LPAAT was measured similarly to the GPAT, but 
with 20-60 ~g microsomal protein and the replacement 
of the glycerol 3-phosphate with 50 nmol of 1-oleoyl- 
glycerol 3-phosphate in the sample cuvette. The reac- 
tion was initiated by the addition of 5 nmol acyl-CoA, 
and was, after a lag of about 15 seconds, linear with 
time up to 3 min. 

The activity of the LPAAT was also measured 
with a radio-assay method. Microsomal preparations 
(20-40 ~g of protein) were incubated at 30~ for up to 
15 rain with [1-14C]acyl-CoA, 1-oleoyl-glycerol 3- 
phosphate and with other additions at concentrations 
stated in the Results section, in a total volume of 8 ml 
with phosphate buffer at pH 7.2. The reactions were 
terminated by the addition of 1 mg bovine serum albu- 
min and 100 gl of glacial acetic acid followed by 3.75 
ml of methanol/chloroform (2:1) and 1.25 ml of chloro- 
form. The accumulated phosphatidic acids were recov- 
ered in the lower chloroform phase (total volume 2 ml), 
whereas the acyl-CoA partitioned into the upper metha- 
nol/water phase. The llpids in the chloroform phase 
were further purified by thin-layer chromatography 
(TLC), and the radio-labelled phosphatidic acids were 
isolated, quantified and, in the case of the mixed [14C]acyl- 
CoA substrates, methylated for radio- gas liquid chro- 
matography (GLC) analyses as described below. The 
formation of phosphatidic acid was totally dependent 
on the addition of exogenous lysophosphatidic acid, 
and was linear with time up to 15 rain. The presence 
of DTNB (50 ~M) stimulated the initial rate of acyla- 
tion about two-fold, but llnearity was only observed 
over the first 5 min. 

In vitro oil synthesis in the microsomal prepara- 
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tions was carried out at 30~ in incubation mixtures 
containing 2.4 t~mol of glycerol 3-phosphate, 10 mg of 
bovine serum albumin, 10 t~mol MgCl~ and microsomal 
membranes (0.2 and 0.5 mg microsomal protein for 
safflower and rape, respectively) in 0.1 M phosphate 
buffer, pH 7.2, in a final volume of 1 ml. At the start 
of the incubation, 300 nmol of an equimolar mixture 
of (1-~4C)-labelled palmitoyl-, stearoyl- and oleoyl-CoA 
was added (sp. activity 1450 d.p.m./nmol). At 30 rain 
intervals an additional 200 nmols of the mixed acyl- 
CoA substrate were added. The reactions were termi- 
nated by extraction in methanol/chloroform according 
to Bligh and Dyer (13) at the times stated in the tables. 
The distribution of radioactivity among the lipid classes, 
as well as the identity of the [~4C]acyl-groups, were 
determined as described below. 

Analytical procedures. Chloroform phases, from the 
extracted incubation mixtures, were evaporated to dry- 
ness under N~. The residue was dissolved in a small 
volume of chloroform and the polar and neutral lipids 
were purified by TLC on precoated silica gel plates 
(Merck, Darmstadt, FRG; silica-gel 60) with chloroform/ 
methanol/acetic acid/water (170:30:20:7, by vol) or hex- 
ane/diethyl ether/acetic acid (70:30:1, by vol), respec- 
tively. Lipid areas, located by lightly staining with I~ 
vapour, were removed from the plates and either as- 
sayed for radioactivity or methylated in-situ with metha- 
nolic HC1 (14) for the analysis of the fatty acids. The 
radioactive fatty acid methyl esters were analyzed by 
radio-GLC with a glass column (2.5 m • ram) contain- 
ing 10% BDS on Chromosorb W (HP, 80-100 mesh). 

Positional stereochemical analysis of the fat ty ac- 
ids in the phosphatidic acid fraction and phosphati- 
dylcholine were performed by treatment of the purified 
phospholipid with phospholipase A~ as previously de- 
scribed (15). 

Where analysis of the acyl-CoA fraction was re- 
quired, the methanol-water phase of the Bligh and Dyer 
(13) extraction was saponified by refluxing with 1 M 
KOH for 40 min, acidified with HC1 and extracted with 
chloroform. The free fatty acids derived from the acyl- 
CoA were methylated with methanolic HC1 and ana- 
lyzed by GLC as described above. 

Lipid samples were assayed for radioactivity in 
PCS (Amersham/Searle, Arlington Heights, IL)/xylene 
(2:1, v/v) scintiUant in a LKB 1214 liquid-scintillation 
counter with an efficiency of 94% for ~4C. All values 
were corrected for background and quenching. 

Reproducibility. All single enzyme assays were car- 
ried out on duplicate samples with a standard error of 
the mean (SEM) of less than • 10%. The data pre- 
sented are mean values. The data from the in vitro oil 
synthesizing experiments are from single measurements 
which were repeated on separate occasions with differ- 
ent batches of plant material, and all gave essentially 
similar results. 

RESULTS 

The safflower (var. Gila) used in the investigation con- 
tained a high level of linoleate (75%) in its seed tria- 
cylglycerols with 16% oleic acid. Palmitate and stearate 
were only present in small quantities and represented 
some 7% and 2%, respectively (16). The fa t ty  acid 
composition of the triacylglycerols in turnip-rape, on 

the other hand, was more heterogeneous with oleate 
predominating (30%), followed by linoleate (18%), lino- 
lenate (10%), C20:1 (13%) and erucate (23%). Palmitate 
and stearate in the turnip-rape oil accounted for only 
4% and 1%, respectively (6). Microsomal membrane 
preparations from the developing cotyledons of both 
the safflower and turnip-rape were capable of substan- 
tial Kennedy pathway activity and catalyzed the acyl- 
ation of the glycerol backbone and the formation of 
phosphatidic acids and triacylglycerols (8,17). 

Acyl specificity of GPAT and LPAAT. The micro- 
somal membranes from the two plant species were 
used to assess the specificity of the GPAT and LPAAT 
enzymes towards a comprehensive range of acyl-CoA 
substrates using a spectrophotometric assay based on 
the coupling of the free thiol group with DTNB. The 
activity of the LPAAT for some species of acyl-CoA 
was 3-4 times greater than the corresponding GPAT. 
The apparent Km value of the LPAAT for the acyl 
acceptor 1-acyl-glycerol 3-phosphate was also low (1.5 
~M). The observed activities of the GPAT might there- 
fore, in some cases, be an overestimate of the real 
activity since some acylation of the formed lysophosphat- 
idic acids would also occur. Considering, however, that 
the rates were essentially linear for 4 rain, the over- 
estimation would not exceed 50% of the actual value 
with any of the acyl-CoA species tested. 

In safflower, the GPAT (Fig. 1A) was particularly 
active with the C18 unsaturated fatty acid substrates 
oleate (C18:1), linoleate (C18:2) and a-linolenate (C18:3 
~.~2.~s). Gamma-linolenate (C18:3~.~.~), on the other 
hand, was utilized less efficiently at about 50% of the 
level found for the a-isomer. The longer chain fatty 
acid, C20:1, was used to a small extent, whereas eru- 
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FIG. L Acyl specificity of the glycerol 3-phosphate acyltrans- 
ferase (GPAT) (AI and the 1-acyl-glycerol 3-phosphate acyltrans- 
ferase (LPAAT) (B) in microsomal preparations from the devel- 
oping cotyledons of safflower. Enzyme activities were measured 
spectrophotometrically with 79 ~g and 40 ~g microsomal protein 
and 7.5 pM and 5 ~M acyl-CoA for the GPAT and the LPAAT, 
respectively. 
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cate (C22:1) was the least effective of the acyl-CoA 
species tested. The utilization of the saturated, me- 
dium chain fatty acids exhibited a progressive increase 
from caproate (C10:0) up to palmitate (C16:0). Stearate 
(C18:0), however, was used substantially less than palmi- 
tate and oleate. The safflower LPAAT was active (with 
1-oleoyl-sn-glycerol 3-phosphate as the acyl acceptor) 
with oleate, linoleate and a-linolenate (Fig. 1B). Its 
efficiency, however, with the other acyl substrates was 
generally low, and almost negligible with erucate. 

In the rape preparations, the specificity of the GPAT 
was less pronounced with the different acyl substrates 
(Fig. 2A). The efficiency of the acylation with linoleate 
was particularly high and the fatty acids, from laurate 
to C20:1, were all utilized to a reasonable extent. The 
enzyme, however, showed little preference for C10:0 
or erucate. The LPAAT (with 1-oleoyl-sn-glycerol 3- 
phosphate as the acyl acceptor) exhibited little prefer- 
ence for fatty acid substrates ranging from laurate to 
a-linolenate, and again erucate was only poorly utilized 
(Fig. 2B). 

Acyl selectivity in safflower. The safflower micro- 
somal system was used to assess acyl selectivity be- 
tween oleoyl- and linoleoyl-CoA of the LPAAT as a 
function of the concentration of either acyl-CoA, bo- 
vine serum albumin or lysophosphatidic acid. The 
LPAAT exhibited an almost linear increase in activity 
up to 5 ~M acyl-CoA with proportionately the same 
ratio of oleate:linoleate being utilized at each concen- 
tration (data not shown). The rate of acylation became 
constant with concentrations in excess of 5 ~M acyl 
substrate. At all acyl-CoA concentrations the oleate 
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FIG. 2. Acyl  specificity of the glycerol 3-phosphate acyltrans- 
ferase (GPAT) (A) and the 1-acyl-glycerol 3-phosphate acyltrans- 
ferase (LPAAT) (B) in microsomal preparations from the devel- 
oping cotyledons of rape. Enzyme activities were measured spec- 
trophotometrically with 72 pg and 36 ~g microsomal protein and 
7.5 ~M and 5 ~M acyl-CoA for the GPAT and the LPAAT,  
respectively. 

was only slightly more selected for than the linoleate. 
The effect of lysophosphatidic acid on the selection 

of oleoyl-, and linoleoyl substrates at optimum acyl- 
CoA concentration is shown in Figure 3. At low con- 
centrations of lysophosphatidic acid (3 /~M), the en- 
zyme was strongly selective for linoleate. With increas- 
ing lysophosphatidic acid concentration, however, the 
enzyme used progressively more oleate until, at 25 ~M 
and above, the fatty acid substrates were utilized in 
almost equal proportions. Similar effects of lysophosphat- 
idic acid on acyl selectivity was found for the LPAAT 
in microsomal preparations from spinach leaves (18). 
Hares and Frenzen (18) also reported that the quality 
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FIG. 3. The effect of 1-oleoyl-glycerol 3-phosphate (lysophosphat- 
idic acid) on the selectivity of the 1-acyl-glycerol 3-phosphate 
acyltransferase (LPAAT) in microsomal preparations of safflower. 
Microsomes (equivalent to 79 /~g microsomal protein) were incu- 
bated with an equimolar mixture of [14C]oleoyl-CoA (5pM), [14C]li- 
noleoyl-CoA (5~M) and l~leoyloglycerol ~phosphate at the con- 
centrations given in the Figure. After 15 min incubation, the 
reactions were terminated and the lipids extracted. The purified 
phosphatidic acid was methylated and analyzed by radio-glc. 
Symbols used: black bars, oleate; grey bars, linoleate. 
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FIG. 4. The effect of bovine serum albumin on the selectivity of 
the 1-acyl-glycerol 3-phosphate acyltransferase (LPAAT) in mi- 
crosomal preparations of safflower. Microsomes (equivalent to 
79 pg microsomal protein) were incubated with an equimolur 
mixture of [14C]oleoyl-CoA (5~M) and [t4C]linoleoyl-CoA (5~M), 
and wi th  bovine serum a lbumin  and 1-oleoyl g lycerol  3- 
phosphate at the concentrations given in the Figure. After 15 
miu incubation, the reactions were terminated and the lipids 
extracted. The purified phosphatidic acid was methylated and 
analyzed by radio-glc. Symbols  used:black bars, oleate; grey 
bars, linoleate. 
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of the acyl moeity in the acyl acceptor influenced the 
acyl-CoA selectivity. It is probable that the acyl selec- 
tivity of the LPAAT in vivo may be influenced by the 
properties of the first acylating enzyme in the glycerol 
3-phosphate pathway, the GPAT, and the formation 
of lysophosphatidic acid. 

The activity and acyl selectivity of the LPAAT 
were investigated in the presence of bovine serum al- 
bumin and optimum levels of acyl-CoA and lysophosphat- 
idic acid (Fig. 4). The results show that the rate of 
acylation of the lysophosphatidic acid increased up to 
two-fold at 0.25 mg/ml bovine serum albumin, and at 
an acyl-CoA concentration of 10 ~M (an acyl-CoA to 
bovine serum albumin molar ratio of 2.7). At higher 
concentrations of bovine serum albumin (0.5 mg and 
1.25 mg/ml), however, there was a decrease in the acyl- 
ation rate that was not overcome by increasing the 
acyl-CoA (data not shown) or the lysophophatidic acid 
concentrations. It may be that acyl-CoAs, which are 
bound to albumin, are more efficient substrates for the 
enzymes (19). 

Bovine serum albumin, at 0.25 mg/ml, did not alter 
the acyl selectivity of the enzyme (20). At higher con- 
centrations, however, there was a shift in selectivity, 
and a preference for linoleate was evident (Fig. 4). The 
shift was reversed, however, by increasing the amount 
of acyl acceptor (lysophosphatidic acid) in the reaction 
mixture (Fig. 4). This may indicate that the lysophosphat- 
idic acid, which is bound to the bovine serum albumin, 
is unavailable to the enzyme. The lowering of the effec- 
tive lysophosphatidic acid concentration may, there- 
fore, alter the acyl selectivity in a similar way to that 
observed when varying the lysophosphatidic acid in 
the absence of albumin (Fig. 3). 

It is relevant to consider the possible role of fatty 
acid binding proteins (FABP) in lipid metabolism. The 
FABPs are major cytosolic proteins in adipose tissue 
in animals (21). They also occur in plant tissues and are 
capable of binding acyl-CoA esters (22). Unfortunately, 
there appears to be no reports on the levels of FABP 
in developing seeds. However, phospholipid transfer 
proteins (PLTF) are major cytosolic proteins in devel- 
oping maize seeds (23). Such proteins in significant 
amounts could play an important role in complexing 
the acyl-CoA substrate for interaction with the glyc- 
erol acylating enzyme-protein. 

Substrate affinity in safflower. The spectrophotomet- 
ric assay allowed an estimate of substrate affinity, as 
judged from apparent Km values, of both the GPAT 
and LPAAT (Table 1). The GPAT had a particularly 
low affinity for the acyl acceptor, with an apparent 
K~ of 1.5 mM sn-glycerol 3-phosphate when measured 
with palmitate as the acyl-CoA substate. Ichihara (20) 
reports a corresponding Km value of 0.54 mM for the 
same enzyme in assays in the presence of bovine serum 
albumin. The apparent Km values for the GPAT and its 
acyl substrates indicated a greater affinity for the satu- 
rated fatty acid species when compared to the more 
unsaturated substrates (Table 1). On the other hand, 
the measurement of apparent Km values for the LPAAT 
towards the acyl substrates consistently gave some- 
what surprising results. In acyl selectivity experiments, 
the enzyme exhibited a high selectivi ty for C18- 
unsaturated fat ty acids, particularly linoleate, with 

little or no activity towards the saturated substrates 
palmitate and stearate (15). The apparent K~ constants, 
as estimated here with single acyl substrates, indicate 
that the enzyme has a greater affinity for palmitate 
and stearate than for the C18-unsaturated fatty acids. 
It should be noted, however, that the rates of acylation 
(i.e., Vmax values) were substantially lower for the satu- 
rated fatty acids than observed for the unsaturated 
acyl substrates (Table 1). The enzyme had a particu- 
larly high affinity for the acyl acceptor 1-oleoyl-sn- 
glycerol 3-phosphate (apparent K m = 1.5 ~M) when 
measured with linoleoyl-CoA as the acyl donor. A strong 
substrate inhibition occurred at acyl-CoA concentra- 
tions above 10 ~M for both the GPAT and LPAAT 
(data not shown). 

Assembly of cocoa butter type fats in turnip-rape 
and safflower. Microsomal membrane preparations from 
the developing cotyledons of safflower and rape were 
incubated with a (14C)-acyl-CoA substrate containing 
equimolar amounts of palmitate, stearate, oleate and 
excess sn-glycerol 3-phosphate. The mixed acyl-CoA 
substrate was added to the incubation mixture at regu- 
lar intervals Isee Materials and Methods). The acyl- 
CoA, therefore, was kept at a sufficient concentration 
to overcome any competitive influence which could be 
exerted by the linoleate, that can enter the acyl-CoA 
pool from phosphatidylchohne via acyl-exchange (24). 
The incorporation of fatty acids into the complex lip- 
ids was analyzed at intervals and the relative distribu- 
tion of each radioactive fatty acid species determined. 

In the turnip-rape incubations the incorporation 
of radioactive fatty acids in phosphatidic acid and tria- 
cylglycerol proceeded in a linear fashion, and at the 
end of the incubation period the phosphatidic acid frac- 
tion contained some three times more radioactive fatty 
acid than the triacylglycerols (Table 2, A). The relative 
distribution of the radioactive acyl groups in each com- 
plex lipid is given in Table 2, B. Initially, palmitate 
predominated in the triacylglycerol. With the longer 
incubation times, however, the content of each labelled 
fatty acid became almost equal and therefore repre- 
sented a proportional incorporation approaching 1:1:1. 
Among the phosphatidic acids, at the longer periods 
of incubation (2.5 and 4 hr) the proportion of palmitate, 
stearate and oleate became constant, and was almost 
3:2:4, respectively. The very high proportion of labelled 
oleate in phosphatidylcholine largely represents acyl 
exchange of this fatty acid with position sn-2 of the 
complex lipid (25). 

The stereospecific distribution of the labelled acyl 
groups in the sn-triacylglycerol was calculated from 
the distribution of radioactive fatty acids at positions 
sn-1 and -2 of the accumulated phosphatidic acids and 
the total labelled fatty acid content of the triacylglyc- 
erol itself. The assumption was made that the newly 
synthesized triacylglycerol would, therefore, strongly 
reflect the phosphatidic acid composition, from which 
it was being derived through the reactions of the so- 
called Kennedy pathway. The validity of this is sup- 
ported by the observations that in both safflower and 
turnip-rape preparations little diacylglycerol accumu- 
lated (relative to the phosphatidic acids and triacylglyc- 
erol), indicating that  the fa t ty  acid species derived 
from the phosphatidic acid fraction is rapidly acylated 
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TABLE 1 

Apparent Kro and Vma x Values for the Glycerol 3-Phosphate Acyltransferase (GPAT} 
and 1-Acyl-Glycerol 3-Phosphate Acyltransferase (LPAAT) in Microsomal Prepara- 
tions of Safflower a 

acyl-CoA species 

Enzyme 16:0 18:0 18 :1  18 :2  acylacceptor 

GPAT K m (~M) 4.2 3.4 6.4 6.6 1500 
Vma x (nmol/mg protein 25 10 30 14 30 

X min} 
LPAAT I< m (~M) 0.5 <0.5 2.7 2.9 1.5 

Vma x (nmol/mg protein 13 9 45 55 40 
X min) 

aRates of acylation were measured spectrophotometrically at different acyl donor 
and acyl acceptor concentrations. Affinity for the acyl-CoA substrate was measured 
for the GPAT at a fixed glycerol 3-phosphate concentration of 1 mM and the LPAAT 
at a fixed 1-oleoyl-glycerol 3-phosphate concentration of 50 ~M. The constants for 
the acyl acceptors were measured at a fixed acyl-CoA concentration of 7.5 ~M 
16:0-COA for the GPAT and 5 ~M 18:2-CoA for LPAAT. K m and Vma x values were 
calculated from a double-reciprocal plot. 

TABLE 2 

In-Vitro Oil Synthesis in Microsomal Preparations from Turnip-Rape Seeds a 

A. [14]acyl groups incorporated (nmol) 
Incubation time 
(hours} Phosphatidic acid Phosphatidylcholine Diacylglycerol Triacylglycerol 

1.5 100.6 27.0 2.7 33.6 
2.5 190.5 38.2 4.2 69.6 
4 335.8 48.5 5.3 100.9 

B. Relative distribution of [14]acyl groups 
(tool% of total radioactivity in the lipid} 

Incubation time 
(hours} [14C]acyl group Phosphatidic acid Phosphatidylcholine Triacylglycerol 

1.5 16:0 39.7 9.2 45.7 
18:0 17.2 4.8 25.5 
18:1 43.1 86.0 28.8 

2.5 16:0 31.6 10.6 38.6 
18:0 22.4 10.6 27.6 
t8:1 46.0 78.8 33.8 

4 16:0 31.3 13.5 34.3 
18:0 24.8 17.3 34.8 
18:1 43.9 69.2 30.9 

C. Deduced Relative distribution of [14C]acyl groups 
(mol% within each position} 

Position 16:0 18:0 18:1 

sn-1 59.6 35.1 5.3 
sn-2 14.7 16.1 69.3 
sn-3 40.4 54.8 4.9 

aMicrosomal preparations {equivalent to 0.5 mg of microsomal protein} were incubated with sn-glycerol 
3-phosphate, MgCI2, bovine serum albumin and [14C]acyl-CoA (equimolar amounts of [14C] 16:0-CoA, 
[14C] 18:I-CoA and [14C] 18:I-CoA), at 30~ At intervals, the radioactive distribution among the 
different lipid classes, the identity of the [14C] acyl groups and the positional distribution of the [14C] 
acyl groups in phosphatidic acid, were determined. The radioactive distribution of acyl groups at the 
different sn-positions of the sn-triacylglycerol was calculated from the total distribution in that lipid 
and the distribution at position sn-1 and sn-2 oI the phosphatidic acids in the fourth hour. 

a t  pos i t ion  sn-3. F u r t h e r  evidence for these  proposa ls  
also comes from the  f a t ty  acid profile of the  phospha t -  
idic acid f rac t ion  which, in  bo th  the  p l a n t  species, re- 
ma ined  s imi lar  t h r o u g h o u t  the  i n c u b a t i o n  period. I t  
should also be no ted  t h a t  the  f a t t y  acid compos i t ion  
of the  diacylglycerol  in the safflower expe r imen t s  was 
s imilar  to t h a t  of the  phospha t id ic  acid fraction.  The 

ca lcula ted  stereospecif ic  d i s t r i b u t i o n  in the  t r iacylglyc-  
erols {Table 2, C}, shows t h a t  the  sn-1 pos i t ion  con- 
s i s t ed  of a l m o s t  2:1 p a l m i t a t e  a n d  s t ea r a t e ,  respec-  
t ively,  whereas  the  s t ea ra te  was p r e d o m i n a n t  in  pos i t ion  
sn-3. Some 70% of the  rad ioac t ive  f a t ty  acid a t  posi- 
t ion  sn-2 was oleate, wi th  the r ema inde r  be ing  a lmos t  
equal ly  pa l mi t a t e  and  s tearate .  
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TABLE 3 

In Vitro Oil Synthesis in Microsomal Preparations from Safflower Seeds a 
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A. [14]acyl groups incorporated (nmol} 
Incubation time 
(hours) Phosphatidic acid Phosphatidylcholine Diacylglycerol Triacylglycerol 
2 23.0 41.0 5.9 72.1 
4 191.9 45.6 10.6 105.6 
5.5 226.9 50.2 14.9 120.6 

B. Relative distribution of [14]acyl groups 
(mol% of total radioactivity in the lipid) 

Time 
(hours) [14C]acyl group Acyl-CoA Phosphatidic acid Phosphatidylcholine Diacylglyerol Triacylglycerol 
2 16:0 42.9 27.9 13.0 39.0 40.1 

18:0 40.2 23.2 14.6 22.0 30.7 
18:1 16.9 48.9 72.4 38.0 29.2 

4 16:0 39.1 32.1 14.9 36.2 38.6 
18:0 37.1 18.9 16.5 .17.2 32.2 
18:1 23.8 49.0 68.5 46.6 32.9 

5.5 16:0 36.5 28.8 18.3 31.5 32.3 
18:0 35.9 17.9 14.1 12.9 39.1 
18:1 27.5 53.3 67.5 55.6 28.6 

C. 

Position 

Deduced relative distribution of [14C]acyl group 
(mol% within each position) 

16:0 18:0 18:1 
sn-1 70.4 24.2 5.4 
sn-2 13.3 6.6 80.1 
sn-3 13.2 86.5 0.3 

aMicrosomal preparations (equivalent to 0.2 mg microsomal protein) were incubated with sn-glycerol 3-phosphate, MgCI 2, bovine 
serum albumin and [14C]acyl-CoA (equimolar [14C]16:0_COA, [14C]18:0_Co A and [14C]18:1-COA}, at 30~ At intervals, the radioac- 
tive distribution among the different lipid classes, the identity of the [14C]acyl groups and the positional distribution of the [14C]acyl 
groups in phosphatidic acid were determined. The radioactive distribution of acyl groups at the different sn-positions of the 
sn-triacylglycerol was calculated from the total distribution in that lipid and the distribution at position sn-1 and sn-2 of 
phosphatidic acid at 5.5 hr incubation. 

The resul ts  for a similar exper iment  with safflower 
microsomal prepara t ions  are given in Table 3. Again, 
substant ia l  quanti t ies  of phosphatidic acids and tria- 
cylglycerols were formed in the incubations. Here, we 
also give the  rad ioac t ive  f a t t y  acids p resen t  in the 
acyl-CoA fraction (Table 3, B), and show tha t  after  the 
initial periods of incubation the proport ions of acyl 
subs t ra te  available for triacylglycerol assembly  remain 
a lmost  constant ,  bu t  with slightly less oleate present  
than  the other f a t ty  acids. Small amounts  of linoleate 
were also found in the acyl-CoA fraction (3.6, 1.1 and 
0.7% of to ta l  acyl g roups  af ter  2, 4 and 5.5 hr of 
incubation, respectively). This linoleoyl-CoA has prob- 
ably arisen through acyl exchange, which occurs be- 
tween the acyl-CoA pool and the f a t ty  acid constitu- 
ents (largely linoleate in safflower) at  posit ion sn-2 of 
the sn-phosphatidylcholine (25). The calculated stereospe- 
cific distr ibution of each f a t ty  acid in the sn-triacylglyc- 
erol (Table 3, C) shows tha t  the  pa lmi t a t e  was the 
preferred acyl subs t ra te  for the acylation of position 
sn-1 where it accounted for some 70% of the f a t ty  acid 
present  with the remainder  being largely stearate.  The 
f a t ty  acids at the sn-3 position, on the other hand, 
were composed a lmost  entirely of s teara te  (90%). At  
position sn-2 some 80% of the radioactive f a t ty  acid 
present  was oleate. 

An analysis  of the f a t t y  acids in the saff lower 
microsomal phosphatidylcholine at  the 4 hr incubation 

period showed (data not given) tha t  considerable incor- 
pora t ion  of pa lmi ta te ,  oleate and s t ea r a t e  also had 
occurred. 

DISCUSSION 

Microsomal preparat ions  from the developing cotyle- 
dons of either safflower or turnip-rape were capable of 
sustained triacylglycerol assembly  in the presence of 
acyl-CoA and sn-glycerol 3-phosphate. The initial acyl- 
ations of the glycerol backbone, at the sn-1 and sn-2 
posi t ions,  were par t icu lar ly  act ive and the enzymes  
responsible,  G P A T  and LPAAT,  respect ively ,  could 
be monitored without  difficulty by  spectrophotometr ic  
methods.  

Al though in safflower the specific act ivi ty  of the 
acyla t ion of glycerol  3-phosphate  at  pos i t ion  sn-1 
(GPAT) was usually greater  than  observed in turnip- 
rape, it was evident, generally, tha t  in both  species the 
sa tura ted  f a t ty  acid acyl donors were the poorer sub- 
s trates .  This became more marked  at  shorter  carbon- 
chain lengths until  at  C10:0 (caproate), the acyl sub- 
s t ra te  was relatively little used. On the whole, how- 
ever, it was apparent  tha t  the turnip-rape enzyme tends 
not to be so discriminating as tha t  of the safflower. In 
both plant  species the acylation of position sn-1 with 
erucate was extremely poor. In the second acylation 
s tep (LPAAT) and the formation of phosphatidic acid 
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the enzyme from turnip-rape was also the more toler- 
ant of the acyl donor species, but again erucate proved 
to be little used. 

Previous studies on the utilization of erucoyl-CoA 
in the acylation of the glycerol backbone, by microso- 
mal preparations of oil-seed species, have indicated 
little preference for this long chain fat ty acid. The 
safflower microsomal LPAAT exhibited little activity 
toward erucate (26), and Sun e t  al. (27) found that no 
erucate or laurate entered diacylglycerols and triacylglyc- 
erols in membrane preparations from maize and rape- 
seed incubated with the appropriate substrates. There 
was some evidence, however, that laurate and erucate 
may have accumulated in lysophosphatidic acid but 
failed to enter phosphatidic acid. These authors, there- 
fore, suggested that the acyl specificity of the LPAAT 
may regulate the fatty acid composition at position 
sn-2 of the sn-triacylglycerol, and is responsible for the 
exclusion of particular fat ty acids from this position. 
In oil-seed rape, erucic acid is primarily utilized at the 
sn-1 and sn-3 position of the sn-triacylglycerol (28), 
and is similarly distributed in turnip-rape (6). In stud- 
ies on the diacylglycerol acyltransferase (DAGAT), 
which is responsible for the acylation of position sn-3 
in the sn-triacylglycerol (Fig. 1), however, little prefer- 
ence for erucoyl-CoA was observed in rape prepara- 
tions ~29). Microsomal membranes from the developing 
cotyledons of turnip-rape, when incubated in the pres- 
ence of labelled sn-glycerol 3-phosphate and nonradio- 
active erucoyl-CoA, were also not capable of catalyzing 
acylation (6). Erucate species of acyl donor were not 
even utilized in the presence of linoleoyl-CoA (6), a 
result in accord with the present findings, on the negli- 
gible activity of both the GPAT and the LPAAT with 
erucoyl-CoA. 

The observations with rape species, membrane prepa- 
rations of which are highly active in triacylglycerol 
assembly given the appropriate acyl substrate, and, 
in the case of turnip rape, will synthesize large quanti- 
ties of erucic acid from oleoyl-CoA and malonyl-CoA 
(unpublished observations), appear contradictory to 
what might be anticipated and merit further considera- 
tion. It may be that the situation in rape species, for 
the assembly of erucoyl-oils, differs from our basic 
concepts of triacylglycerol construction and may in- 
volve other mechanisms, such as acyl remodelling, as 
previously suggested (30, 31). If this is so, then plants, 
like rape, may have evolved separate reactions in order 
to exclude unusual, and perhaps detrimental, fatty ac- 
ids from the assembly of membrane structural lipids, 
such as phosphatidylcholine. However, it is still un- 
clear how this is achieved. 

Acyl specificity studies, such as those reported, 
give some indication as to whether a particular plant 
species might be expected to utilize foreign fatty acids 
in the biosynthesis of storage oils. For instance, it 
seems probable that if chain termination in the FAS- 
complex was manipulated to occur at the level of C10/ 
C12 then the formation of diacylglycerols, containing 
these fatty acids, might occur. The enzyme DAGAT, 
which catalyzes the acylation of position sn-3, appears, 
in rape, to be particularly efficient with laurate (29), 
and so lauric acid rich oils might accumulate. It should 
be noted, however, that Sun e t  al. (27), suggested that 

laurate may be utilized, to some extent, by the GPAT 
and not by the LPAAT in rapeseed. In the present 
study, it seems on the basis of direct enzyme assay 
that both these enzymes could utilize the shorter chain 
fatty acids under the appropriate conditions. In some 
preliminary studies, however, it was evident that the 
rape LPAAT may be much less active toward acyl 
acceptors (lysophosphatic acids) esterified with the more 
medium-chain fatty acids (unpublished observations). 
In any case, it seems quite likely that conventional 
crops which grow in the more temperate regions of the 
world would, if tailored to synthesize medium-chain 
fatty acids, incorporate them to some extent into their 
storage products. The effect of this on the well-being 
of the plant remains conjectural. If the C10-C12 fatty 
acids become incorporated to any great extent into the 
structural membrane-lipids of the developing seed, then 
they could adversely affect biochemical and physiologi- 
cal function, particularly under moderate fluctuations 
in temperature experienced by the plant. In this re- 
spect, it is interesting that in experiments in which 
safflower microsomal preparations were incubated with 
equimolar amounts of palmitate, oleate and stearate 
in the presence of glycerol 3-phosphate, these fat ty 
acids were also substantially incorporated into the 
phosphatidylcholine. A fuller understanding, therefore, 
of the mechanisms whereby plants  exclude 'non- 
membrane' fatty acids from their structural complex 
lipids and dedicate them to storage products is of im- 
portance to the basic understanding of oil biosynthesis 
and to any biotechnological advances which develop 
from it (32). 

There would appear to be fewer problems associ- 
ated with the synthesis of ),-linolenate in plants, y- 
Linolenate rich oils are considered to be of some thera- 
peutic value (33), and yet are only found in the seeds 
of a few species (34,35). The acid is synthesized from 
oleate via linoleate, through the action of a A-6 desatu- 
rase, which utilizes the acyl substrates associated with 
position sn-2 of microsomal sn-phosphatidylcholine, and 
it is, therefore, also a natural component of the mem- 
brane lipids (36,37). The transfer of the gene(s), for the 
5-6 desaturase enzyme to recipient plant species, which 
are already capable of linoleate formation in their seeds, 
should lead to y-linolenate production. It is interesting 
to observe that if the recipient plant has h-15 desatu- 
rase activity, and contains a-linolenate, then the inclu- 
sion of the 5-6 enzyme will more likely lead to the 
accumulation of octadecatetraenoic acid (C18:4A~.9.12.15) 
(38). In any event, if y-linolenic acid was synthesized 
in rape seed, then it would be used, perhaps to a rea- 
sonable extent, in the acylation of the glycerol back- 
bone and the formation of triacylglycerols. 

It was apparent from these experiments that if the 
appropriate fatty acids (palmitate, stearate and oleate) 
were synthesized in approximately equimolar amounts, 
and made available to the glycerol acylating enzymes 
of safflower and rape seeds, then triacylglycerols hav- 
ing a similar fatty acid composition to cocoa-butter 
might arise. This was particularly the case with saf- 
flower, where there was a high degree of selectivity for 
palmitate, oleate and stearate, as at positions sn-1, -2 
and -3, respectively. The selectivity for these particu- 
lar acyl species in the acylation of the glycerol back- 
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bone  in saf f lower  seed  p r e p a r a t i o n s  is i n t e r e s t i n g  in 
i tself .  The  G P A T  and  L P A A T  in saf f lower  are, there-  
fore, h igh ly  se lec t ive  for p a l m i t a t e  and  oleate ,  respec-  
t i ve l y ,  a n d  t h i s  con f i rms ,  to  s o m e  e x t e n t ,  p r e v i o u s  
o b s e r v a t i o n s  (15}. I c h i h a r a  and  coworke r s  (20,26), how- 
ever,  cons ide r  t h a t  in sa f f lower  t he  a c y l a t i o n  c a t a l y z e d  
b y  the  G P A T  is n o t  so specific,  and  d e p e n d s  on the  
f a t t y  ac ids  in t he  acy l -CoA pool  t h a t  are  ava i l ab l e  for 
t r i a c y l g l y c e r o l  a s s e m b l y .  The  p r o p e r t i e s  of t he  L P A A T ,  
on the  o the r  hand ,  m a y  p l a y  a more  p rec i se  role  in the  
n o n r a n d o m  d i s t r i b u t i o n  of f a t t y  ac id  spec ies  found  in 
t he  f inal  t r i a c y l g l y c e r o l  (26), a s u g g e s t i o n  con f i rmed  
in t he  p r e s e n t  s t u d y  and  e l sewhere  (15). Also ,  i t  was  
r e p o r t e d  t h a t  the  D A G A T  in saf f lower  h a d  a b r o a d  
acy l  spec i f i c i ty  (39), and  t h a t  i t  h a d  no s t r i c t  se lect iv-  
i t y  for acy l -CoA s u b s t r a t e s  when  p r e s e n t e d  in mix-  
t u r e s  (40). I n  the  p r e s e n t  s t u d y ,  however ,  i t  is ev ide n t  
t h a t  sa f f lower  m i c r o s o m a l  m e m b r a n e s  can  c a t a l y z e  the  
a c y l a t i o n  of  t he  g lyce ro l  b a c k b o n e  in a h igh ly  dis t inc-  
t ive  fash ion  when  p r e s e n t e d  w i th  m i x t u r e s  of pa lmi-  
t a t e ,  o lea te  and  s t ea r a t e .  I n  fact ,  u n d e r  such  condi-  
t ions  the  D A G A T  is h igh ly  se lec t ive  for s t e a r a t e .  These  
re su l t s ,  and  the i r  v a r i a n c e  wi th  o the r  work,  b r i n g  in to  
q u e s t i o n  the  s ign i f i cance  of  d i r ec t  in vitro e n z y m e  as- 
s a y s  in ful ly  u n d e r s t a n d i n g  the  role of t he  g lycero l  
a c y l a t i n g  e n z y m e s  in r e g u l a t i n g  f a t t y  acid  c o n t e n t  and  
acy l  d i s t r i b u t i o n  in t he  t r i acy lg lyce ro l .  S t u d i e s  on the  
a s s e m b l y  of t r i a c y l g l y c e r o l s  as  a func t ion  of acy l  qual-  
i t y  m a y  be  more  p e r t i n e n t  when  ca r r i ed  ou t  in t o to  
f rom g lyce ro l  3 - p h o s p h a t e  in t he  m i c r o s o m a l  m e m b r a n e .  
I t  is a lso e v i d e n t  t h a t  t u r n i p - r a p e  will  s y n t h e s i z e  sa tu-  
r a t e d - u n s a t u r a t e d - s a t u r a t e d  t r i acy lg lyce ro l s ,  b u t  wi th-  
o u t  t h e  m o r e  d i s t i n c t  a cy l  s e l e c t i v i t y  f o u n d  in saf-  
f lower.  In  a n y  case,  t he se  o b s e r v a t i o n s  ind ica t e  t h a t  
p r o v i d e d  the  cor rec t  p r o p o r t i o n  of  f a t t y  ac id  spec ies  
can  be p r o d u c e d  in oil p l a n t s  b y  w h a t e v e r  means ,  cocoa  
b u t t e r  t y p e  f a t s  m a y  resu l t .  
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