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Abstract-Changes in phosphatidylcholine content, lipid precursor mcorporation and hpld biosynthetic enzyme 
activities were observed m castor bean endosperms during a SIX day postgermination period. The metabolism of 
phosphatidylcholine was regulated independently of other phospholipids, as evidenced by the ratlo of phosphatidyl- 
chohne to total phospholipid not being constant during development. The mam pathway for phosphatidylcholine 
biosynthesis was the nucleotide pathway, although studies with labelled glycerol-3-phosphate suggested that the 
diacylglycerol for this pathway was not synthesized de nova, but probably obtamed by degradation of pre-existing 
lipids. The control of the nucleotlde pathway appears to reside m choline phosphate cytldylyltransferase and choline 
phosphotransferase, the activities of which were coordinated, but not m choline kmase. The cytidylyltransferase IS 
regulated m part by translocation of the soluble form of the enzyme to the endoplasmlc reticulum, but this regulation 
could not account for all of the observed changes in phosphatldylchohne synthesis. 

INTRODUCTION 

Stored triacylglycerols are broken down and converted 
into sucrose in the endosperm during the immediate 
postgerminatlon period of castor bean [l, 21. The major- 
ity, if not all, of the fatty-acid oxidation occurs in the 
glyoxysomes [3]. These organelles are rapidly produced 
in the young endosperm and function during the first five 
days after germination [4,5] As the endosperm matures, 
and the triacylglycerol is depleted, the glyoxysomes are 
reduced in number [4]. As phosphatidylcholine (PC) is 
the major membrane phospholipid of these organelles [6, 
71, it might be expected that there would be large changes 
in its metabolism, correspondmg with synthesis of gly- 
oxysomes, durmg the early stages of endosperm devel- 
opment. Indeed, the PC content of endosperm has been 
shown to change rapidly durmg the first few days postger- 
mination [S], but the contribution of de nova PC syn- 
thesis to these changes is not clear 

Changes in the in vitro activity of chohnephosphotran- 
sferase, the final enzyme of the nucleotide pathway for PC 
biosynthesis [9], have been observed during endosperm 
development. These changes did not completely correlate 
with the changes in PC content, however [S]. Changes in 
the rate of PC synthesis from choline were not reported in 
the previous study, nor were the activities of the two other 
enzymes of the nucleotide pathway, choline kmase [lo] 
and choline phosphate cytldylyltransferase [ 111 The 
possibility of variations in the contribution of phosphatl- 
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dylethanolamine methylation [9] to PC synthesis during 
development also have not been reported, although in 
three-day-old endosperm this pathway is thought to 
contribute less than 10% of the total PC synthesis 
[12,13-J. 

In this study, we report changes in the incorporatlon 
rates of radiolabelled precursors of the nucleotide path- 
way of PC synthesis and relate them to changes m in vitro 
enzyme activity and in vtvo PC content. 

RESULTS 

Lipid content 

As our conditions for germination and growth are 
different from those utilized for previous studies of this 
nature utilizing castor bean endosperm [1,2,8], we feel It 
necessary to provide basic mformation on growth for 
comparative purposes. Under our conditions the fresh 
weight mcreased to day six, while dry weight of end- 
osperm decreased ca 40% (Fig. 1) The total lipid content 
decreased from about 550 mg/30 halves to 25 mg/30 
halves during this SIX day period (Fig. 2A). The total 
phospholipid content remained relatively constant at ca 
10 mg/30 halves (Fig. 2B) throughout the six days, with 
only a small increase between days one and two (Fig. 2B) 
Phosphatldylcholine content initially increased between 
days one and two, from 3 to 3.5 mg/30 halves, and then 
decreased to 1.25 mg/30 halves by day six (Fig. 2C). 

Precursor uptake and incorporation 

All of the precursors applied to the endosperm were 
taken up and utilized, with uptake by endosperm halves 
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Fig. 1 Fresh and dry weights of castor bean endosperm germm- 

ated and grown as described m the Expertmental 

Days 

Fig. 2 Total hpld (A), hprd phosphorous(B) and phosphatrdyl- 
choline (C, separated by TLC and quantltated by a phosphorous 

assay, see ExperImental) content of castor bean endosperm 

during a SIX day postgermmatlon period 

of different ages bemg fatrly stmtlar. The average uptake 
rates for choline and glycerol-3-P were 2500 cpm/min and 
2000 cpm/min, respectively (Ftg 3A). The rate of incor- 
poration of cholme into PC Increased between days one 
and two with 35% of the mcorporated choline appearing 
in PC at days two to three. This was followed by a 
reduction to 5-17% of the label taken up durmg the 
remaining days. Stmrlar results were obtained for choline- 
P and CDPcholme Most of the radtolabel(6 to 18% of 
the label taken up) from glycerol-3-phosphate (G3P) 
which was mcorporated mto hpid (Fig. 3C) appeared m 
phosphatidic acid. A constant 2% of the label taken up 
appeared in PC. 

Enzyme actwltles 

The protein contents of the 1OOOOOg supematant, 
band A and ER from 30 endosperm halves over the 6 day 

G3P- PC 

Days 

Fig 3 The (A) amount of radlolabelled chohne (0-O) and 

glycerol 3-phosphate (C- - 0) taken up by endosperm tissue m 

30 mm at different ages post-lmblbltlon. (B) the per cent of this 

radlolabel mcorporated mto phosphatldylcholme for choline (as 

well as chohne-P and CDPcholme), and (C) total hpld or 

phosphatldylcholme labeled by glycerol-3-phosphate The ra- 

dlolabels were apphed on the abaxlal surface as described m the 

ExperImental Abbrevlatlons Cho. cholme, Cho-P, phospho- 
chohne, CDP-Cho. CDPcholme, G3P, glycerol-3-phosphate 

post-tmbtbitlon period are shown m Fig 4. The total 
protein of the supernatants (Ftg 4A) increased between 
days 1 and 2, and then decreased through day 5. The 
protein content of band A (Ftg 4B) increased between 
days 1 and 2 and then decreased until day 4, after which 
time it remained constant ER protein mcreased from day 
1 until day 3 and then decreased between days 3 and 4, 
after which time tt remained constant (Ftg. 4B). 

The choline kmase actrvtty of 1OOOOOg supernatants 
was fairly constant from 1 to &day old endosperm tissue 
(Ftg. 5A). More than 95% of the cholme kinase activity 
of the total cell homogenate was recovered m the super- 
natants from tissue of all ages examined, and further 
extractron of the ttssue restdue resultmg from the ortgmal 
homogenizatton of I- to 6-day-old endosperm, by grin- 
ding the resrdue wrth 10 ml of homogemzatton medmm m 
a mortar and pestle for 10 mm, resulted m no additional 
choline kinase activity. It therefore was assumed that the 
relatrve recovery of total enzyme acttvtttes from tissues of 
drfferent ages was stmllar and essentially complete. 

Cyttdylyltransferase (both band A and ER: Ftg. 5B) 
and cholme phosphotransferase (m the ER, Ftg 5E) 
increased from day 1 until day 3 and thereafter decreased 
The soluble cytrdylyltransferase actlvtty decreased from 
1.45 nmol/mm/30 halves at day 1 to no detectable acttvrty 
at day 6 (Fig. 5C) The ratto of ER to supernatant 
actrvity, however, increased from day 1 to day 3, and then 
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Ftg. 4 Protem content of the supernatant (A) and the ER and 
Band A (B) of castor bean endosperm at dtfferent ttmes post- 

rmbtbttton. 

decreased through day 6. The supernatant activity in 
endosperm up to 3-days-old could be stimulated ca three- 
fold by the addrtion of a total hprd extract from 3-day-old 
endosperm (Fig 5C). The hptd extract was first evapd to 
dryness and then suspended by sonicatron in 100 mM 
Hepes buffer (pH 7 0) to a final phospholiprd concentra- 
tion of 0 4 mM, as determined by liprd phosphorous. The 
highest actrvrty measured m lipid-treated supernatants 
was 3 31 nmol/min/30 halves (Fig SC) at day one, and it 
remained near this level through day three. Liprd stimula- 
tion of soluble cytrdylyltransferase from day four or older 
endosperm trssue was considerably less (Fig. SC). 

DISCUSSION 

The decrease m total lipid content during the devel- 
opment of the endosperm probably corresponds to the 
breakdown of storage fats and is m general agreement 
with previous studies [l, 23. Marriott and Northcote [2] 
have shown that the phospholiprd content of endosperm 
increases slightly during the first SIX days after germin- 
ation in contrast to the constant amounts observed in this 
study after day two (Fig. 2B) Their results were ex- 
pressed on a dry weight basis, however, and the dry 
weight of the endosperm decreases slightly during this 
time period (Fig. 1) This may account for the small 
increase they reported 

The overall profile of PC content in this study was 
similar to that of Moore and Troyer [S], except that in 
the previous study the peak was obtained at day 4 
while m this study the peak was at day 2. This 
discrepancy probably arises from the conditions under 
which the seeds were germinated. In the previous study 
the seeds were germinated with the seed coats intact, 
following overnight imbrbrtron, while the current study 
utilizes seeds planted rmmedrately after mechanical re- 
moval of the seed coats This latter method results in 
faster, more consistent rates of growth with germination 
percentages of S&90%. The PC content of the end- 
osperm appears to vary independently of the bulk phos- 
pholipid. For example, the small change observed in total 
phospholipid content between days one and three can be 
accounted for by changes in the PC content of the 
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Ftg. 5. Acttvtttes of choline kmase (A), cytldylyltransferase of 
the ER and Band A (B), cyttdylyltransferase of the supernatant m 
the presence or absence of endosperm total hptd extract (C), and 
cholinephosphotransferase m the ER (E) of castor bean end- 
osperm at varrous times post-lmbtbttton Panel D presents the 
ratios of ER-bound cyttdylyltransferase actrvtty to that of the 

supernatant at various ttmes postgermination. 

endosperm. After day three, the PC content (Fig. 2C) 
decreased, unlike the total phospholipid (Fig. 2B). This 
may represent the rise and fall of specific organelle 
membranes. For example, glyoxysomal membranes are 
known to contain high concentrations of PC [6, 73 and 
enzymes of that organelle increase in activity early in the 
postgermination period, followed by a later decrease [ 11. 
On the other hand, other membranes relatively lower in 
PC (mitochondria, plastid) may be more stable. The 
changes in mcorporatron of choline paralleled these 
changes m PC content. These data suggest that the PC 
composition of these cells was determined mainly by 
changes in PC synthesis and that PC breakdown was 
constant over the six-day period. 

About 20% of the label from G3P was incorporated 
into phosphohpid, most of it mto phosphatrdic acid, with 
only a very small, constant amount of this label being 
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detected m PC. The mcorporation of G3P label mto PC dtfficult for these membrane-bound protems whose acttv- 
did not comctde wtth either the changes m PC content or ity is rapidly lost following solubthzation Nonetheless, 
m the mcorporatton of nucleotide pathway precursors data such as these do allow a defimtion of whtch enzymes 
Smce G3P is the precursor of dtacylglycerol [ 133, which to concentrate on, what materials to use, and potential 
reacts with CDPchohne to form PC [13], it seems likely mechamsms of regulation 
that most of the diacylglycerol used for PC synthesis m 
this tissue was not synthestzed de novo from G3P but 
utthzed a lipid precursor from some other source, pos- 
sibly from recyclmg of other lipids. 

The zn urtro activities of cyttdylyltransferase and chol- 
me phosphotransferase Increased sharply between days 
one and three and then decreased m parallel (Fig 5B, E), 
suggesting that the activities of these two enzymes are 
tightly coupled. This profile correlates well wtth the rate 
of PC synthesis m this tissue. By way of contrast, the in 
vitro acttvtty of chohne kmase dtd not correlate with the 
changes m PC content, PC synthesis, or the activities of 
the other two enzymes of the pathway (Fig 5) It appears, 
then, that this enzyme is not mvolved m regulation of PC 
biosynthesis during the development of castor bean end- 
osperm. Thus, the most likely enzymes for controllmg the 
nucleottde pathway are the membrane-bound cyttdylyl- 
transferase and cholmephosphotransferase. 

The changes in activity of cytidylyltransferase m band 
A were similar to the changes m ER activtty (Fig 5B) 
This observatton supports our previous suggestion that 
this fraction IS an artifact of the homogemzatton pro- 
cedure [I l] and probably represents a subfraction of the 
ER 

The cyttdylyltransferase acttvity m the soluble fraction 
dtd not appear correlated with the membrane cyttdylyl- 
transferase or with changes m PC synthesis (Fig 5C) We 
have previously shown that the ER cytidylyltransferase 
from three-day-old endosperm could be solubtlized with 
0 2 M potassium chloride, and that the solubihzed en- 
zyme activity was strongly promoted by PC and oleate 
[ 111 This led to the suggestion that the cytidylyltransfer- 
ase in this tissue may be regulated by translocatton of the 
soluble enzyme to ER membranes [l 11, a mechanism 
previously described for mammalian tissue [14] The 
results presented here further support this suggestton 
smce the ratto of ER to soluble acttvtty doubled from 
days one to three (Fig 5D), and a three-fold stimulatton 
of soluble activity was observed m the presence of castor 
bean phosphohptds (Fig. 5C) during days one through 
three The magnitudes of change m the soluble activity, 
however, were not sufficient to account for all of the 
changes m the membrane acttvity. Maximum stimulation 
of the soluble enzyme from one-day-old endosperm m the 
presence of lipids resulted m an acttvtty of ca 3.3 nmol/ 
mitt/30 halves (Fig 5C), whereas the ER activity m- 
creased from 11 nmol/mm/30 halves to 20 nmol/mm/30 
halves from days one to three (Fig 5B) It seems likely 
that there are additional mechamsms which regulate the 
activity of thts enzyme 

The coordmatton of membrane cytidylyltransferase 
wtth chohnephosphotransferase acttvtty during the first 
six days of endosperm development, and the correlation 
of these increases with increases m PC content of the 
tissue, lend support for these enzymes playing a role m 
regulation of the synthesis of this phosphohpid It IS 
uncertain at this time whether the changes m activities of 
these enzymes are caused only by changes m the amounts 
of enzyme protein or by dtrect regulation of the enzyme 
acttvities. A defimtive answer must await purification of 
the proteins mvolved Such purtfications are parttcularly 

EXPERIMENTAL 

Plant materral Castor bean seeds were germmated and grown 

as previously described [I I] 
Ltpd extractwn and analyxs 30 endosperm halves of the 

reqmred age were frozen m hqmd N, and ground to a fine 

powder with a mortar and pestle LIpIds were extracted with 

CHCl,-MeOH and separated by TLC as previously described 

112, 151 Total ltpld content of the extracts was determmed 

gravlmetrlcally Phosphohplds were eluted from the TLC plates 

and lipid phosphorus determined as described m ref [IS] 

Precursor mtorporatton Endosperm halves were Incubated 

with [Mc-‘4C]-labelled cholme (0 42 pCl/half), choline phos- 
phate (0 17 gCl/half), CDPcholme (0 04 @/half) or [U-‘“Cl- 

labelled L-glycerol-3-phosphate (0 33 &l/half) The specific 

compounds were first diluted m 100 mM Hepes buffer (pH 7 0) 

and 100 pi of this labelled soln were apphed evenly to the abaxlal 

surface of each endosperm half The endosperm halves were 

incubated for 30 mm m disposable petri dishes (5 halves/dish) 

after which time they were washed for 2 mm m dIstIlled H,O and 

then frozen with hqtnd N, The frozen tissue was ground into a 

fine powder and extracted as previously described 1123 Total 

precursor uptake was estimated as the total amount of radiolabel 

mcorporated mto the lipid fraction. aq fmCtlOn and post- 

extractlon residue of the washed tissue Incorporation of label 

mto phosphohplds was estimated ab described m ref 1161 and 

was expressed as a percentage of the total label mcorporated mto 
the tissue All experiments were repeated 3 times, the standard 

error of rephcation was 5% or less 

Homogemzatwn and centrlfugatmn 30 endosperm halves were 

chopped (2 strokes/second) with a smgie razorblade for 10 mm at 

4’ and pH 7 5 m 150 mM Tricme contammg 500 mM sucrose, 10 

mM KCI and 3 mM EDTA For preparation ofsoluble fractions, 
the homogenate was filtered through 2 layers of cheesecloth and 

centnfuged at 250 g,, for 10 mm The resultant supernatant was 

centrifuged at 100000 g,, for 60 mm m a Sorvall OTD-65B 

ultracentrifuge usmg a Sorvall T875 rotor Endoplasmic re- 

ticulum (ER) and ‘band A’ membranes were isolated on sucrose 

density gradients as previously described [1 l] 

Enzyme assays Choline kmase, membrane-bound choline 
phosphate cytldylyltransferase and cholmephosphotransferase 

were assayed as previously described [lo, It, 131 Soluble 
cytldylyltransferase was dssayed m a medium containing a 

higher specific activity of “C-chohnephosphate (0 5 Wmol) 

than the standard assay medium [ 1 l] used for the ER and band 

A enzyme. The fmal mcubatlon medium for the soluble cytadylyl- 

transferase conslsted of 10 mM [‘“Cl-cholme phosphate (0 5 

Cl/mol). 2mM CTP, IO mM MgCI, and 25 ~1 of supernatant m a 

final vol of 50 ul of 100 mM Hepes buffer (pH 70) All other 

details of the assay were ldentlcal to that for membrane cytldylyl- 

transferase [ll] Protem was determined by the method of ref 

II161 
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