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Developing endosperms and embryos accumulating triacylglyc- 
erols rich in caproyl (decanoyl) groups (i.e. developing embryos of 
Cuphea procumbens and Ulmus glabra) had microsomal acyl hy- 
drolases with high selectivities toward phosphatidylcholine with 
this acyl group. Similarly, membranes from hphorbia ragascae and 
Ricinus communis endosperms, which accumulate triacylglycerols 
with vernoleate (1 2-epoxy-octadeca-9-enoate) and ricinoleate (1 2- 
hydroxy-octadeca-9-enoate), respectively, had acyl hydrolases that 
selectively removed their respective oxygenated acyl group from 
the phospholipids. The activities toward phospholipid substrates 
with epoxy, hydroxy, and medium-chain acyl groups varied greatly 
between microsomal preparations from different plant species. Ep- 
oxidated and hydroxylated acyl groups in sn-1 and sn-2 positions of 
phosphatidylcholine and in sn-1-lysophosphatidylcholine were hy- 
drolyzed to a similar extent, whereas the hydrolysis of caproyl 
groups was highly dependent on the positional localization. 

A number of different phospholipases, both intracellular 
and secreted, have been characterized in microorganisms 
and animal tissues, and the literature in the area is exten- 
sive (reviewed by Van den Bosch, 1980, 1982; Waite, 1987). 
However, very little is known about phospholipid turnover 
in plants. A ubiquitously occurring phospholipase D with 
unknown physiological function has been known for a long 
time (Hanahan and Chaikoff, 1947; Wang et al., 1993)) and 
more recent studies have demonstrated the presence of a 
phospholipase C specific for phosphorylated phosphati- 
dyl-inositols (Sandelius and Sommarin, 1990). Only a few 
studies of phospholipases of A and B types have been 
reported in plants (Kim et al., 1994). However, several acyl 
hydrolases with activity not only toward phospholipids 
but also toward glycolipids, sulfolipids, monoolein, and 
diolein have been studied in several plant tissues (Huang, 
1987). 

A phospholipase specific for ricinoleoyl (12-hydroxy- 
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octadeca-9-enoyl) groups was reported in microsomes 
from developing endosperms of Ricinus communis (Bafor et 
al., 1991). The enzyme seems to play a role in the liberation 
of newly synthesized ricinoleate from the phospholipids, 
thereby supplying triacylglycerol synthesis with acyl sub- 
strate and keeping the concentration of ricinoleate in the 
membranes low. High amounts of hydroxy fatty acids in 
the membranes would probably severely disturb the struc- 
ture and functions of the membranes. Microsomes from 
plants that do not accumulate ricinoleate in the seed stor- 
age fat were also found to have acyl hydrolase activity with 
specificity for ricinoleate. From these results it was pro- 
posed that this phospholipase is involved in a general 
membrane repair mechanism (Bafor et al., 1991), as postu- 
lated for mammalian phospholipase A, (Van Kuijk et al., 
1987). This idea was further supported by a later study that 
showed that hydroperoxide-linoleate was also hydrolyzed 
from PC by plant microsomes (Banas et al., 1992). Euphorbia 
lagascae endosperm accumulates vernolic acid (12-epoxy- 
octadeca-9-enoic) in high amounts in the triacylglycerols, 
but the concentration in the seed membranes is not more 
than a few percent (Bafor et al., 1993). It was found that 
microsomal membranes prepared from developing seed of 
E.  lagascae catalyzed a P450-dependent epoxidation of lino- 
leoyl-PC and a subsequent hydrolysis of the newly synthe- 
sized oxygenated acyl groups from the phospholipids 
(Bafor et al., 1993). 

To more fully characterize the acyl and the stereo spec- 
ificities of these microsomal phospholipid acyl hydrolases, 
we have compared the activities, specificities, and selectiv- 
ities of microsomal enzymes from developing endosperms 
of E. lagascae and R. communis, which accumulate two 
different oxygenated acyl groups, with those from devel- 
oping embryos from Cuphea procumbens and Ulmus glabra, 
which accumulate medium-chain acyl groups, and with 
those from developing embryos from low erucic rape (Bras- 
sica napus), which accumulate only acyl groups common 
for both membranes and triacylglycerols. 

i 

Abbreviations: BCA, bicinchoninic acid; CHAPS, 3-([3-chol- 
amidopropyl1dimethylammonio)-1-propanesulfonate; LPC, lyso- 
phosphatidylcholine; LPE, lysophosphatidylethanolamine; PA, 
phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidyleth- 
anolamine. 
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MATERIAL$ A N D  METHODS 

Materials 

CHAPS was purchased from Boehringer Mannheim 
(Mannheim, Germany) and dimethylacetal (Methyl 8) was 
from Pierce (Rockford, IL). The following chemicals were 
obtained from Sigma: BSA (fatty acid free), ATP, CoASH, 
NADH, NADPH, capric (decanoic, 1O:O) acid, lauric (dode- 
canoic, 12:O) acid, palmitic (hexadecanoic, 16:O) acid, oleic 
(octadeca-9-enoic, 18:l) acid, linoleic (octadeca-9,12-di- 
enoic, 182) acid, ricinoleic (12-hydroxy-octadeca-9-enoic) 
acid, dipalmitoyl-PC (di 16:0-PC), palmitoyl-LPC (sn-l- 
palmitoyl-glycero-phosphocholine, 16:O-LPC), LPE (sn-l- 
acyl-glycerol-phosphoethanolamine, prepared from egg 
yolk), phospholipase A, (from Naja naja snake venom), 
triacylglycerol lipase (from Xkizopus arrkizus), phospho- 
lipase D (from Streptomyces ckromofuscus) and [1-74C]10:0 
acid. Amersham (Buckinghamshire, UK) provided the fol- 
lowing [l-'4C]fatty acids: 120, 16:0, 18:0, 18:1, 182. 

Vernolic (cis-12-epoxy-octadeca-9-enoic) acid was pre- 
pared from methyl esters of Eupkorbia lagascae seed triacyl- 
glycerols as follows: vernoleoyl methyl esters were sepa- 
rated from other fatty acid methyl esters by TLC on silica 
gel plates developed in hexane:diethyl ether:acetic acid 
(85:15:1, v/v/v) and eluted from the gel in methano1:chlo- 
roform (21, v/v). The vernoleoyl methyl esters were hy- 
drolyzed by treatmen: with 0.4 M KOH in water:methanol 
(4:1, v/v) at 80°C for 120 min. After subsequent neutral- 
ization with acetic acid, the free vernolic acid was extracted 
into CHC1, and purified by TLC on silica gel plates devel- 
oped in hexane:diethyl ether:acetic acid (70:30:1, v/v/v) 
and elut$ from the gel with methano1:chloroform (2:1, 
v/v). [1-- CIRicinoleic acid was obtained by biochemical 
conversion of [l-'4C]oIeate by the microsomal Al'hydrox- 
ylase from Ricinus communis endosperm as described by 
Bafor et al. (1991). [l-14C]Vernoleate was synthesized by 
epoxidation of [i-'4C]18:2 by the microsomal A'*epoxidase 
from E. lagascae endosperm as follows: microsomal prepa- 
rations from developing E. lagascae endosperm (10 mg of 
microsomal protein), prepared according to Bafor et al. 
(19931, were incubated with 2 pmol of ['4C]18:2, 80 mg of 
BSA, 25 pmol of ATP, 8 pmol of CoASH, 25 pmol of MgCl,, 
and 20 pmol of NADPH in 0.1 M potassium phosphate 
buffer, pH 7.2, in a total volume of 4 mL for 12 h at 25°C. 
After chloroform extraction of the incubation mixture, the 
lipids in the chloroform extract were methylated by treat- 
ment with dimethylacetal and sodium methoxide (Bafor et 
al., 1993). Free ['4C]vernolic acid was prepared from the 
methyl ester mixture using the same procedure as de- 
scribed above for unlabeled vernolic acid. The yield of 
['4Clvernolic acid was 10 to 15% of added ['4C]18:2 
substrate. 

Synthesis of ['4C]Acyl-Phospholipid Substrates 

Before being used in [I4C]acyl-PC synthesis, a11 radioac- 
tive fatty acids were adjusted to a specific radioactivity of 
about 2000 dpm/nmol by addition of unlabeled fatty acids. 
The TFA anhydride method described by Kanda and Wells 
(1981) was used for the synthesis of the saturated and 

oleoyl ~n-Z-['~C]acyl-PC substrates, from radioactive fatty 
acids and commercial sn-1-16:O-LPC. Corresporiding sn-l- 
[14C]acyl-PC was prepared with the same method using 
sn-2-16:O-LPC. The sn-2-16:O-LPC was prepared by treat- 
ment of di-16:O-PC with triacylglycerol lipase for 30 min, 
and rapid separation and isolation of the sn-2-acyl-LPC by 
TLC on silica gel plates developed in chloroform :methanol: 
acetic acid:water (170:30:20:7, v/v/v). 

The TFA anhydride method could not be u;ed for PC 
synthesis with fatty acids containing hydroxj. or epoxy 
groups. Therefore, ~n-2-['~C]vernoleoyl-PC and sn-2- 
['4C]ricinoleoyl-PC were prepared by enzymatic acylation 
of sn-l-16:O-LPC using the microsomal acyl-CokLPC acyl- 
transferase from developing sunflower seeds according to 
Banas et al. (1992) but with the following alterations of the 
reaction mixture. Radioactive free acid (800 nmcl), 24 mg of 
BSA, 40 pmol of ATP, 12 Imo1 of CoASH, 40 pmol of 
MgCI,, 1.2 pmol of LPC, and sunflower microsomal mem- 
branes (equivalent to 0.3 mg of microsomal protein) were 
incubated in 0.1 M potassium phosphate buffer, pH 7.2, in 
a final volume of 2 mL for 2 h at 30°C. 

sn-l-['4C]ricinoleoy1- and sn-l-[14C]vernoleoyl-PC were 
prepared by first treating the ~n-2-['~C]ricinideoyl- and 
~n-2-['~C]vernoleoyl-PC with triacylglycerol lipase and iso- 
lating the resulting ~n-2-['~C]acyl-LPC. The sn-2-LPC was 
then allowed to isomerize to the more stable sn-1-LPC by 
leaving it in methanol solution (saturated with N,) for 1 
week at room temperature. The ~n-l-['~C]ricinoleoyl-PC 
and ~n-l-['~C~]vernoleoyl-PC were then synthesized by en- 
zymatic acylation of corresponding sn-l-I'"C]acyl-LPC 
with oleate from oleoyl-COA using the microsomal acyl- 
CoA:acyltransferase from sunflower (Banas et al., 1992). 

A11 [L4C]acyl-PC substrates were checked for the ste- 
reospecific distribution of their ['4C]acyl groups by treat- 
ment with phospholipase A, (from N. naia) and subsequent 
determination of the distribution of radioactib ity between 
the free fatty acid and the LPC (Griffiths et al., 1985). The 
percentage of radioactivity located in the sn-Z. position of 
the ~n-2-['~C]acyl-PC substrates ranged from 89 to 98.5%. 
The percentage of label in the sn-1 position of the sn-l- 
['4C]acyl-PC substrates varied more. The following per- 
centages of radioactivity were associated with the sn-1 
position for the various substrates: ~n-l-['~C]10:0-PC, 87%; 
SM-~-['~C]~~:O-PC, 61%; ~n-l-['~C]l8:1-PC, 74%; sn-l- 
['4C]vernoleoyl-PC, 78%; sn-l-['4C]ricino1e~yl-PC, 53%. 

sn-l-['"C]acyl-LPC substrates were prepareti by treating 
the corresponding ~n-l-['~C]acyI-PC with the highly posi- 
tional specific phospholipase A, from N. nap and the re- 
sulting sn-1-LPC was then isolated. It should thus be noted 
that the ['4C]LPC formed were nearly excliisively sn-1, 
although the ['4ClPC from which they were prepared had 
varying prnportions of ['4C]acyI groups also in position 
sn-2. sn-24' 2C110:O-PE was synthesized by chemical acyla- 
tion of LPE (prepared from egg yolk) by using the TFA 
anhydride method (Kanda and Wells, 1981). si~-Z-['~C]acyl- 
PA was prepared by treatment of ~n-2-['~C]xyl-PC with 
phospholipase D from S .  ckromofuscus. 

Since microsomal membranes from devdoping sun- 
flower seeds were used in the preparation of ['4C]ricino- 
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leoyl-PC and [ ''Clvernoleoyl-PC, these substrates con- 
tained a certain amount of sunflower PC. To standardize 
the [14C]PC substrates, PC isolated from sunflower seed 
microsomes were added to the different synthesized 
[14C]PC to yield a similar mixture of 55% ['4C]acyl-PC and 
45% of sunflower microsomal PC for a11 substrates. These 
mixtures were then used in the phospholipid acyl hydro- 
lase assays. 

Plant Material and Microsomal Preparations 

Cuphea procumbens, R. communis, and E.  lagascae plants 
were grown from seeds in a photoperiod of 16 h light at 
26°C and 8 h dark at 20°C. The seeds were harvested at the 
stage of rapid triacylglycerol accumulation, i.e. about 16, 
35, and 25 DAF, respectively. Developing Ulmus glabra 
seeds were harvested from local trees at a stage when the 
embryos had not reached full size and when the seed coats 
were still green. The embryos or endosperms from a11 
species were removed from their seed coats before further 
manipulations. Microspore-derived embryos of Brassica na- 
pus (var Topas) were cultivated according to Wiberg et al. 
(1991) and harvested after 15 d in shake cultures. Embryos 
at this stage had a very rapid triacylglycerol accumulation 
with a fatty acid profile virtually indistinguishable from 
the zygotic embryos (Wiberg et al., 1991). 

Plant tissues were ground in mortar with 10 parts (v/w) 
of 0.1 M potassium phosphate buffer, pH 7.2, containing 
0.33 M SUC. The homogenates were filtered through two 
layers of Miracloth, diluted 10-fold with fresh grinding 
medium, and centrifuged at 20,000 g for 10 min. The su- 
pernatants were filtered through Miracloth and centri- 
fuged at 105,000 g for 90 min. The resulting microsomal 
pellets were resuspended in 0.1 M potassium phosphate 
buffer, pH 7.2, and stored at -80°C until used. 

Assays 

The standard assay of phospholipid acyl hydrolases con- 
tained 3.6 mM CHAPS, 4 nmol of ['4Clacyl-phospholipid 
(dispersed in CHAPS by sonication), microsomal mem- 
branes (equivalent to 25 nmol of microsomal PC or approx- 
imately 100 pg  of microsomal protein), 5 mM EGTA in 0.1 
M potassium phosphate buffer, pH 7.2, in a final volume of 
200 pL. The assay was started by the addition of the 
microsomal membranes. Incubations were performed at 
30°C with constant shaking for the times indicated in the 
tables and figures. Reaction mixtures, except those contain- 
ing ['4C]acyl-Ll'C substrates, were terminated by adding 1 
mL of 0.15 M acetic acid. The lipids were extracted into 
chloroform by the addition of 3.75 mL of methano1:chloro- 
form (2:1, v/v) followed by 1.25 mL of chloroform and 0.8 
mL of water. The method is a modified version of Bligh and 
Dyer (1959). Since LPC with medium-chain or oxygenated 
acyl groups were poorly extracted into chloroform, incu- 
bation mixtures with [14C]acyl-LPC substrates were instead 
terminated by the addition of 2 mL of water-saturated 
n-butanol containing 1% acetic acid. After addition of 1 mL 
of water and phase separation, the butanol fractions were 

removed and the water fractions were reextracted with an 
additional2 mL of the water-saturated n-butanol solution. 

Analytical Procedures 

The chloroform and butanol extracts were evaporated to 
dryness under N, and the residue was dissolved in a small 
volume of chloroform. LPC, PC, PA, and free fatty acid in 
the lipid extracts were sepal'ated on TLC plates (Merck & 
Co., Rahway, NJ; silica 60) developed in ch1oroform:meth- 
ano1:acetic acid:water (170:30:20:7, v/v/v/v). Unsaturated 
lipids were located by staining with I, vapor, whereas 
saturated lipids were visualized by spraying with water. 
Lipid areas and the rest of the lanes were removed from the 
plates and assayed for radioactivity by scintillation count- 
ing with to1uene:ethanol (2:1, v/v) solution and 0.4% 2(1- 
butylphenyl)-5-(4-biphenyl)-l,3,4-oxadiazole as scintillant. 

Phospholipid and free fatty acid acyl quality and quan- 
tity were determined by GC of their methyl esters and with 
methyl-heptadecanoate as interna1 standard. Protein was 
measured with the BCA protein reagent (Pierce) after treat- 
ment of the microsomal preparations with 0.1% SDS and 
with BSA used as standard. 

Reproducibility of the Results 

A11 assays were performed in at least duplicate samples. 
Good reproducibilities were obtained between duplicate 
samples in the radioactive measurements of the different 
lipid classes (less than +5% variation between determina- 
tions). The variation between replicate samples in the 
quantification of unlabeled acyl groups in PC and free fatty 
acids was considerably greater, and the statistical analysis 
of these data is presented in "Results." 

RESULTS 

Acyl Croup Composition of the Different Tissues 

The fatty acid composition of the triacylglycerols and of 
PC in the developing embryos or endosperms of the five 
plant species used are shown in Table I. B. napus embryos 
accumulate only fatty acids that are common for both 
membrane lipids and triacylglycerols (i.e. 16:0, 18:0, 18:1, 
18:2, and 18:3). The endosperms or embryos of the other 
plant species accumulate triacylglycerol with fatty acids, 
which are nearly absent in the membrane lipids. R. commu- 
nis and E.  lagascae endosperm triacylglycerols have high 
amounts of oxygenated acyl groups, ricinoleate and ver- 
noleate, respectively, whereas U. glabra and C. procumbens 
embryos have triacylglycerols rich in capric acid. 

The Effect of CHAPS and Substrate Concentrations on 
sn-2-Acyl-PC Hydrolysis 

Microsomal preparations of R. communis endosperms 
were incubated for 2 h in the presence or absence of 
CHAPS with either sn-2-[14C]ricinoleoy1-PC or ~n-2-['~C]- 
oleoyl-PC at different concentrations (Fig. 1). ['4C101eoyl- 
PC was, at a11 concentrations and regardless of addition of 
CHAPS, utilized poorly by the acyl hydrolase(s). In the 
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Table 1. Fatty acid composition o f  triacylglycerols and PC isolated from developing enibryos o f  6. napus, U. glabra, and C. procirmbens and 
from developing endosperms o f  E. lagascae and R. communis 

The fatty acid distribution is expressed in mo1 %. 

Cuphea Ricinus Euphorbia 
Brassica napus Ulmus glabra procumbens communis Iigascae 

Fatty Acid __ _ _ ~  

TAC" PC TAC PC TAC PC TAC PC TAC PC 

Vernoleate O O O O O O O O 57 4 
Ricinoleate O O O O O O 85 5 O O 

8:O O O 11 O 1 O O O O O 
1o:o O O 68 2 89 0 O O O O 

16:O 4 9 4 14 2 19 2 18 4 12 
18:l 63 54 5 20 3 30 5 31 22 9 
18:2 18 25 4 53 1 45 6 37 10 61 
18:3 13 12 O 6 O 1 1 3 O O 
Others 2 9 8 5 4 6 1 6 7 7 

Uncommon acyl groups 

Common acyl groups 

a TAG, Triacylglycerol. 

absence of CHAPS, ['4C]ricinoleic acid was formed from 
['4Clricinoleoyl-PC to a small extent. Inclusion of 3.6 mM 
CHAPS brought about a 20-fold increase in the liberation of 
['4C]ricinoleic acid. The hydrolysis was proportional to a 
PC concentration of 40 FM. Incubations with CHAPS of 
concentrations lower and higher than 3.6 mM resulted in 
lower enzymatic activity (data not shown). Concentrations 
of 20 PM substrate and 3.6 mM CHAPS were used for most 
of the further studies of the phospholipid acyl hydrolase. 
Although this PC concentration was far from substrate 
saturation, it was necessary to limit the amount of substrate 
added due to the great difficulties in preparing large quan- 
tities of ['4Clricinoleoyl- and ['4Clvernoleoyl-PC. It should 
thus be noted that the specific activities of the acyl hydro- 
lases presented in this paper are below the V,,,. 

+ ricin - CHAPS 
U ricin + CHAPS 

-4- 18:l + CHA 

1811 - CHA 

20 40 60 8 0  
Substrate concentration (pM) 

Figure 1. The effects of substrate concentration and the detergent 
CHAPS on microsomal sn-2-acyl-PC hydrolysis. R. communis micro- 
somes were incubated with ~n-2-['~C]ricinoleoyI-PC without CHAPS 
(O) or with 3.6 mM CHAPS (O) and with sn-2-['"C118:1-PC without 
CHAPS (X) or with CHAPS (O), for 120 min at 30°C. The reaction 
mixture consisted of 2 to 16 nmol of ['"CIPC, microsomal mem- 
branes (equivalent to 100 pg of microsomal protein) in 0.1 M potas- 
sium phosphate buffer, p H  7.2, in a final volume of 0.2 mL. The data 
are means from two incubations. 

Acyl Dependence of Microsomal sn-2-Acyl-PC Hydrolysis 

The time course of acyl hydrolysis of different sn-2- 
[14C]acyl-PC species incubated with microsomes prepared 
from R. communis and U. glabra developing seeds are 
shown in Figure 2. Both microsomal prepar#ations were 
essentially unable to catalyze the hydrolysis of ['4C]oleoyl- 
PC and ['4C~lvernoleoyl-PC, whereas ['4C]ricinoleoyl-PC 
and ['4C]caproyl-PC were deacylated at high rates by R. 
communis and LI. glabra microsomes, respectiv'dy. The hy- 
drolysis of caproyl and ricinoleoyl groups by U. glabra 

-0 -+C- vern 

-3- ricin % 20 
U m 

+2 

w -  

W 

5 1 0  

$ 0  

30 

25 

f: 20 .- 
2 1 5  

10 
LL o 5  
- 0  

2. c 

- 
Time (min) 

Figure 2. Time-course studies of sn-2-acyl-PC hydrc'lysis in micro- 
somes from R. communis and U. glabra. PC substrates used: sn-2- 
['"C]lO:O (O); sn-2-['"C]18:1 (O); ~n-2-['~C]vernolttate (X); sn-2- 
['"Clricinoleate (O).  Standard assay conditions Jsed were as 
described in "Materials and Methods." The data are nieans from two 
incubations. 
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membranes appeared linear with time for up to 120 min of 
incubation, whereas the ricinoleoyl groups were removed 
in a nonlinear fashion in assays with R. communis 
membranes. 

Added [74C]oleoyl-PC substrate was diluted with endo- 
genous oleate and other common acyl groups in the mem- 
branes, whereas the dilution of the [‘4C]PC with uncom- 
mon acyl groups was much less, since these acids are 
present only in low amounts in the membranes (see Table 
I). Although the differences in release of I4C-label between 
PC substrates with oleate and uncommon fatty acids in the 
above experiments demonstrate a selectivity for uncom- 
mon acyl groups in PC, they might not reflect differences in 
the hydrolysis of the absolute amounts of the different acyl 
groups in the membranes. To determine the extent of total 
acyl hydrolysis in the membranes, the quantity and quality 
of the free fatty acid pool were analyzed before and after 
incubations of microsomal membranes. 

Table I1 shows the changes in amounts of acyl groups in 
free fatty acids and in PC after incubations (2 h) of U. glabra 
membranes without and with added sn-1-16:0-sn-2-18: 
1-PC or sn-1-16:0-sn-2-10:0-PC substrates. The formation of 
free fatty acid without added PC substrate was low, with 
only a slight but significant increase in palmitic acid. Ad- 
dition of 8,16, and 32 nmol of sn-2-18:l-PC did not further 
increase the total amount of free fatty acids released. Sig- 
nificantly elevated levels of free linoleic acids were noted, 
but this was not matched by a decrease of that acid in PC. 
Addition of sn-2-1O:O-PC caused a concentration-depen- 
dent increase in free capric acid with a corresponding 
decrease in the amount of this acid in PC. The decrease in 
the amount of palmitoyl groups in PC was less than the 
decrease in caproyl groups. Since palmitate was present in 
position sn-1 of the added 1O:O-PC substrate, a similar 
decrease of palmitate and the uncommon fatty acid in PC 
would have been expected. However, as demonstrated in 
experiments reported below, these membranes contained 

active 16:O-LPC transacylase activity, which efficiently re- 
incorporated the 16:O-LPC into PC (see Fig. 5111, A). This 
reaction could entirely explain the observed nonstochio- 
metric removal of palmitate and caproate from PC. There 
was also a sn-2-l0:O-PC-dependent increase in free palmitic 
acid, which was less than half of the 10:0 release. The 
release of free palmitate is likely to be due to the activity of 
an LPC acyl hydrolase, although this enzyme activity was 
quite low in U. glabra membranes when measured with 
added 16:O-LPC (see Fig. 511, A). 

In conclusion, the data in Table I1 clearly show that, in U. 
glabra membranes, total acyl hydrolase activities toward 
membrane lipids with common fatty acids were, at the 
most, 10 to 20% of the release of fatty acids from added 
sn-Z-lO:O-PC, and that 18:l-PC did not serve to a significant 
extent as substrate for the acyl hydrolase. Analysis of the 
amounts of acyl groups in free fatty acids and PC from 
incubations of microsomal membranes of R. communis with 
and without added sn-2-18:l-PC and sn-2-ricinoleoyl-PC 
were also performed. The results showed, similar to the U. 
glabra membranes, that added PC with the uncommon fatty 
acid (in this case ricinoleoyl-PC) was hydrolyzed 5 to 10 
times faster than a11 other acyl groups in the membranes, 
and that no significant release of acyl groups could be 
monitored from 18:l-PC (data not shown). Thus, the mi- 
crosomal acyl hydrolases had both high specificities and 
selectivities for PC with the uncommon acyl groups. GC 
chromatograms of the fatty acid profile of PC isolated 
before and after an incubation (2 h) of R. communis mem- 
branes with 32 nmol of exogenous ricinoleoyl-PC illus- 
trates the selective remova1 of the ricinoleoyl groups from 
this lipid (Fig. 3). 

When the release of free fatty acids without added PC 
was monitored in B. napus membranes, we found that these 
preparations, in contrast to the U. glabra and R. communis 
microsomal membranes, had considerable acyl hydrolase 
activities toward common fatty acids. Since the release of 

Table II. Changes in amounts of acyl groups in free fatty acids (FFA) and PC in 2-h incubations of microsomal preparations of developing U. 
glabra seeds with and without exogenous PC 

Channes in Acvl CrouDs (nmoll 

Substrate added 

Acyl Croup sn-l-16:0-sn-2-18:1 -PC (nmol) sn-l-l6:0-sn-2-10:0-PC (nmoll 

None 8 16 32 8 16 32 

FFA PC FFA PC FFA PC FFA PC FFA PC FFA PC FFA PC 

1o:o 
14:O 
16:O 
18:O 
18:l 
18:2 
18:3 

Total FFA formed 
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O 
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+1.3 

O O O 
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+1.0 +O.Sa +0.4 
-0.1 o +0.1 
t 1 . 2  t 0 .2  +0.3 
+1.6 + O S ”  +3.1 

0.0 +0.2 0.0 
+1.4 

O O 
o +0.2“ 

+0.7” +2.2 
+0.1 +0.2 
+0.4a +1.0 
+0.5” +0.5 
+0.2 o 
+1.9 

+3.0“ -2.8a 
+0.1 o 
+1.3” -1.2 
+0.2a 0.0 
+0.2 -0.3 
+OS” -0.1 
+0.2 +0.4 
+s.5b 
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+0.1 
+1.7“ 
+0.1“ 
+0.1 
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+0.2 
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-3.9” +4.9” -5.9” 
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-0.8 +0.1 -0.1 
-2.3 +0.2 +1.1 

O +0.2 +0.4 
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-2 .v  +2.aa -2.1 

a Denotes significant differences between amounts of a particular acyl group before incubation (n = 19) and after incubation (2 h) without 
or with added PC at specified concentration (n  = 3) in a mean difference two-sided test (a = 5). Denotes significant differences between 
the increase in total FFA without added substrate (n = 3) and with added PC at specified concentration (n = 3) in a mean difference two-sided 
test (a = 5). 
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Figure 3. GC chromatograms of the fatty acid 
profile (methyl esters) of PC isolated at zero time 
(A) and after 2-h incubations (B) of microsomal 
membranes of developing R. communis en- 
dosperm and 32 nmol of exogenous sn-1-l6:O- 
sn-2-ricinoleoyl-PC. The relative proportions 
(moi%) of ricinoleate for each incubation is 
given in parentheses. 
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free fatty acids from endogenous lipids in €3. napus mem- 
branes would mask contributions made from the release of 
acyl groups from added PC with common acyl groups, it 
was not possible with this method to determine the extent 
to which these acyl hydrolases could act on exogenous PC 
substrates. 

The release of [l4C1fatty acids from different sn-2- 
['4C]acyl-PC substrates incubated for 120 min with micro- 
soma1 preparations from the oil storage tissues of the dif- 
ferent plants is presented in Figure 4, A to F. The 
hydrolysis of ~n-2['~C]palmitoyl-PC was low but signifi- 
cant in a11 membranes (Fig. 4A). The hydrolysis of 
[14C]oleoyl-PC was low but significant in rape membranes, 
but barely above the detection limit in the other mem- 
branes (Fig. 4B). Vernoleoyl-PC was efficiently hydrolyzed 
by the E. lagascae membranes but hardly utilized at a11 by 
the enzymes in LI. glabra and R. communis membranes (Fig. 
4C). Ricinoleoyl-PC was hydrolyzed at a different extent by 
the different membranes, with R. communis membranes 
having the highest activity (46% of the substrate hydro- 
lyzed) and LI. glabra having the lowest activity (6% of the 
substrate hydrolyzed) (Fig. 4D). The percentage hydrolysis 
of ['4C]caproyl-PC was only slightly higher than ['4C]16:O- 
PC in incubations with B.  napus membranes, whereas mem- 
branes from C. procumbens, LI. glabra, and E .  lagascae hydro- 
lyzed this substrate, on a percentage basis, 10- to 60-foId 
more efficiently than the 16:O-PC species (Fig. 4E). 
['4ClLauroyl-PC was hydrolyzed at a substantially higher 
extent than the common PC species by the LI. glabra mem- 
branes, whereas the other membranes showed similar or 
only moderately elevated levels of hydrolysis with this 
substrate compared to the 16:O-PC substrates (Fig. 4F). 

sn-I -Acyl-PC and sn-I -Acyl-LPC Hydrolysis and 
Transacy lation 

Different ~n-l-[~~C]acyl-PC and ~n-l-['~C]acyl-LPC spe- 
cies were tested as substrates for the acyl hydrolase in 

microsomes from the four plant species (Fig. 51, A-E). The 
sn-1-[ 14C] 16:O-PC and sn-1-[ 14C] 18: 1 -PC subst rates were, 
like the sn-2 :positional isomers, poor substrate; (Fig. 51, A 
and B). Similar to the acyl specificity toward the sn-2 po- 
sition (Fig. 4C), E .  lagascae membranes also showed high 
activities toward substrates containing vernoleoyl groups 
at the sn-1 position (Fig. 51, C). The ~n-l-[~~C]ricinoleoyl-PC 
was as efficient as substrate as the sn-2 ricinoleoyl-PC for 
the R. communis acyl hydrolases (compare Fig. 51, D and 
Fig. 4D). However, since the ~n-l-['~C]ricinole~~yl-PC sub- 
strate contained a rather racemic positional distribution of 
radioactivity (only 53% of the radioactivity was in position 
sn-1), the contribution of each position in the acyl hydro- 
lysis could not be established just by measuring the 14C- 
free fatty acid released. Therefore, unhydro1y:ced [14C]PC 
(44% of added ['4C]PC) was reanalyzed for the positional 
distribution after incubation with R. communis membranes. 
The distribution of radioactivity between the clifferent po- 
sitions was not changed by incubation, which irtdicates that 
ricinoleoyl hydrolysis occurred at approximatoly the same 
rate in the sn-1 and the sn-2 positions. ~n-l-J'~C]10:0-PC 
was a much less efficient substrate than the sn-2 positional 
isomer for the LI. glabra and C.  procumbens acyl hydrolase 
activities, whereas the reverse was the case in R. communis 
(compare data in Fig. 4E and Fig. 51, E). 

Contrary to the situation with the PC substrates, radio- 
active 16:O and 18:l were also hydrolyzed to ,1 significant 
extent from the ~n-l-[~~C]acyl-LPC (Fig. 511, A and B). 
~n-l-['~C]acyl-LPC with vernoleoyl or ricinoleoyl groups 
was hydrolyzed with activities comparable to those of 
corresponding sn-1-acyl-PC substrates by the E. lagascae 
and R. communis membranes, respectively (Fig. 511, C and 
D). The C. procumbens membranes hydrolyzed the sn-l- 
['4C110:O-LPC at a considerably higher rate than the sn-l- 
['4Cl10:O-PC substrate (Fig. 511, E). 

In addition to acyl hydrolysis, considerable :radioactivity 
from ~n-l-['~C]acyl-LPC was also incorporated into PC, 
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Figure 4. Acyl dependence of sn-2-acyl-PC hydrolysis. Six different 
~n-2-[ '~C]acyl-PC species (A-F) were compared as substrates for 
sn-2-acyl hydrolysis in microsomes from developing embryos/en- 
dosperms of five different plants. The release of 14C-fatty acids was 
determined after 120 min of incubation at 30°C. Assays were per- 
formed under standard conditions, as described in "Materials and 
Methods." The data are means from two incubations. 

indicating transacylation activities (Fig. 5111). The acyl spec- 
ificities of the transacylation were distinctly different from 
those of acyl hydrolase activities. The highest transacylase 
activities were found with 16:O- and 18:l-LPC (Fig. 5111). 

Comparison between sn-2-Acyl-Hydrolysis of PC, PE, 
and PA 

The extent of acyl hydrolysis of ~n-2-['~CIacyl-PA and 
s~-~-['~C]~O:O-PE were compared with the hydrolysis of 
~n-2-['~C]acyl-PC in incubations with U. glabra, C. procum- 
bens, E .  lagascae, and R. communis membranes (Fig. 6). sn- 
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Figure 5. Acyl dependence of the sn-1-acyl-PC hydrolysis (I), sn-l- 
acyl-LPC hydrolysis (II), and LPC transacylation (111) in microsomal 
preparations from developing embryos/endosperms of four different 
plant species. The release of 14C-fatty acids from ["CIPC or ['4C]LPC 
and the formation of ['4C]PC from [14C]LPC were determined after 2 
h of incubation at 30°C. Assays were performed under standard 
conditions as described in "Materials and Methods." n.t., Not tested. 
The data are means from two incubations. 
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Figure 6. Comparison of the sn-2-acyl hydrolysis of PC, PE, and PA 
by microsomal preparations from embryoslendosperms of four dif- 
ferent plant species. The release of 14C-fatty acids from the sn-2- 
['4C]acyl-phospholipids was determined after incubation for 120 
min at 30°C. Assays were performed under standard conditions as 
described in "Materials and Methods." vern, Vernoleate; ricin, rici- 
noleate. The data are means from two incubations. 

2-['4C110:0-PE was hydrolyzed at an extent of 41 to 77% of 
that of the S~-~-['~CI~O:O-PC substrate. The ~n-2-['~C]acyl- 
PA containing radioactive 10:0, vernoleoyl, or ricinoleoyl 
groups were hydrolyzed at 9 to 32% of that of correspond- 
ing ~n-2-['~Clacyl-PC molecular species. 

The Effects of ECTA and Ca2+ on Microsomal Acyl 
Hydrolases and Phospholipase D Activities 

The effects of addition of EGTA or Ca2+ on the acyl 
hydrolysis of the different [l4C1acyl PC substrates by mi- 
crosomal preparations from different plants were generally 
small (data not shown). When effects were observed, both 
additions of Ca2+ (5 mM) or EGTA (5 mM) were inhibitory 
to fatty acid release compared to incubations without any 
of these compounds. In addition to 14C-fatty acid release, 
['4ClPA was also formed in incubations of ['4C]acyl-PC 
substrates with microsomal membranes, indicating activity 
of a phospholipase D. Contrary to the acyl hydrolase, the 
phospholipase D activities were strongly stimulated by 
addition of Ca2+ and totally, or nearly totally, inhibited by 
EGTA (data not shown). 

Acyl Specificities of Microsomal Phospholipase D 
Activities 

Phospholipase D activities in microsomal preparations 
from embryos and endosperms were measured with dif- 
ferent ~n-2-['~C]acyl-PC substrates in 2-h incubations in the 
presence of Ca2+ (Fig. 7). The activities were somewhat 
dependent on acyl quality, with higher activities with me- 
dium-chain or ricinoleoyl substrates than with PC with 
common or vernoleoyl acyl groups. Contrary to the acyl 
hydrolase activities, however, the differences in phospho- 
lipase activity between common-, medium-chain- and ox- 
ygenated-acyl substrates were relatively small and mem- 
branes from a11 plant species showed the same pattern of 

acyl specificities. However, the absolute amoiint of PA 
produced differed between membranes from different 
plant species. 

DI SC U SSlO N 

Plant microsomal acyl hydrolase activities íoward PC 
were greatly influenced by acyl quality. Not only hydroxy- 
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Figure 7. Acyl dependence of microsomal phosphol pase D activi- 
ties. The production of [14CJPA was determined aftei. incubation of 
exogenous ~n-2- [ '~C]acy l -PC with microsomal preparations of en- 
dosperms/embryos of different plant species. Assays were performed 
as described iii "Materials and Methods," but in the presence of 5 mM 
CaCI,. The data are means from two incubations. 
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lated and epoxidated, but also medium-chain acyl groups, 
could be hydrolyzed at substantial rates by membranes 
from some of the plant tissues. Although the plant mem- 
branes also contained some acyl hydrolase activities to- 
ward common acyl groups, these activities were very mi- 
nor in U. glabra and R. communis membranes and no 
significant hydrolysis of 18:l-PC substrate was observed. 
Such pronounced acyl selectivities and specificities of 
phospholipid deacylating enzymes have, to our knowl- 
edge, only been demonstrated earlier for intracellular 
arachidonoyl-specific phospholipase A, in animal cells 
(Clark et al., 1991). The question arises whether the acyl 
specificities and selectivities for the uncommon acyl groups 
are due to the physical properties of the substrate that 
facilitate its accessibility to the enzyme, as is proposed to be 
the mechanism behind the somewhat more rapid remova1 
of oxidated acyl groups by phospholipases A, in animal 
membranes (Sevanian et al., 1988), or if it is an inherent 
selectivity of the enzymes. If substrate accessibility would 
be the only cause for acyl selectivity, the phospholipases 
from different plant species would be expected to have 
similar relative activities toward the different acyl groups. 
This was the case for the microsomal phospholipase D 
activity in this study. The phospholipid acyl hydrolases, on 
the other hand, showed sometimes radically different acyl 
selectivities in the membranes from the different plant 
species examined. It could, however, be argued that a 
particular acyl group could cause different physical effects 
on the different membrane types. This is unlikely to be the 
cause for the differences in the phospholipid acyl hydro- 
lase selectivities in plants. For example, sn-2-ricinoleoyl-PC 
was a very good substrate for acyl hydrolases in both R. 
communis and E .  lagascae membranes. sn-2-vernoleoyl-PC 
was as effective as sn-2-ricinoleyl-PC for E.  lagascae micro- 
somes, but the epoxidized substrate was hardly hydro- 
lyzed at a11 by the R. communis membranes. It is thus 
difficult to explain the acyl hydrolase activities only as a 
consequence of alteration in membrane structures caused 
by the substrates, and it is more likely due to acyl speci- 
ficities and selectivities exerted by the enzymes themselves. 

Plant tissues accumulating triacylglycerols rich in capric 
(decanoic) groups (i.e. developing embryos of C. pvocum- 
bens and U.  glabra) also had acyl hydrolases with high 
activity toward PC with this acyl group. Similarly, E.  lagas- 
cae endosperms and R. communis embryos, which accumu- 
late triacylglycerols with vernoleate and ricinoleate, re- 
spectively, had microsomal phospholipases that removed 
their respective oxygenated acyl group from the phospho- 
lipids. The physiological significance of phospholipid acyl 
hydrolases with high specificities for ricinoleoyl- and ver- 
noleoyl-containing substrates in R. communis and E. lagas- 
cae endosperms is obvious. R. communis and E.  lagascae 
endosperms accumulate ricinoleate and vernoleate, respec- 
tively, as their dominating acyl constituent in the triacyl- 
glycerols, and the synthesis of these acids occur via hy- 
droxylation and epoxidation of precursor acyl groups 
esterified in phospholipids (Bafor et al., 1991, 1993). Thus, 
the phospholipases could remove the newly synthesized 
oxygenated fatty acids from the phospholipids for subse- 

quent channeling into triacylglycerols (Bafor et al., 1991). It 
can be assumed that the high activity toward 1O:O-PC seen 
in microsomal membranes from tissues that accumulate 
10:O-rich triacylglycerols can be functionally related to the 
removal of 1O:O groups that enter the phosholipids during 
active triacylglycerol biosynthesis in these tissues. An ac- 
cumulation of high amounts of epoxy, hydroxy, or capric 
acyl groups in membrane lipids would certainly be delete- 
rious to membrane structure and function. In tissues not 
accumulating oxygenated acyl groups, the presence of 
phospholipases with high activity toward such groups 
might serve as parts of a restoration system for membrane 
integrity after oxidative damage to the phospholipids, as 
suggested earlier (Banas et al., 1992). It could also be hy- 
pothesized that these enzymes could be involved in releas- 
ing oxygenated fatty acids as precursors for the synthesis 
of fatty acid-based plant hormones (Leshem, 1987), and 
pathogen defense substances (Farmer and Ryan, 1992). The 
synthesis of these substances would then not be initiated 
by the release of a polyunsaturated fatty acid by a phos- 
pholipase but by an oxygenated metabolite of this acid. 
With present knowledge, we cannot suggest any physio- 
logical function for phospholipid acyl hydrolases with high 
activity toward medium-chain acyl groups in membranes 
from tissues that do not accumulate such acids. 

The phospholipid acyl hydrolases specific for unusual 
acyl groups might also attack PA and therefore could be 
counterproductive for synthesis of triacylglycerols contain- 
ing such acids. However, it should be noted that PA was a 
considerably less-efficient substrate than PC for the acyl 
hydrolases. Also, the PA pool is very minor (2-5%) com- 
pared to the total phospholipid pool in developing oil 
seeds (S. Stymne, unpublished results). Thus, the contribu- 
tion of PA in the release of uncommon acyl groups from 
phospholipids could be expected to be neglible. 

The production of LPC from PC by the action of an acyl 
hydrolase necessitates a rapid metabolism of the lysophos- 
pholipids, which otherwise would damage membrane in- 
tegrity. Present work demonstrates that plant membranes 
can either hydrolyze the LPC or transacylate it into PC. The 
transacylation reaction occurs preferentially with lyso-PC 
containing common membrane fatty acids and thus seems 
to be catalyzed by enzymes other than the acyl hydrolysis. 

Similar acyl selectivities were obtained for the sn-1 and 
sn-2 positions of PC as well as for sn-1-LPC in the hydro- 
lysis of epoxy and hydroxy acyl groups. However, the 
positional localization of the medium-chain acyl groups 
had great influence on the activities in a particular mem- 
brane. The isolation and further characterization of these 
phospholipid acyl hydrolases in developing seeds will 
yield more precise information of their number, nature, 
and relationship with already characterized phospho- 
lipases and acyl hydrolases. Such work is now in progress 
in our laboratory. 
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