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Summary A procedure is described for the preparation
of [*P]phosphatidyl-CMP(CDP-diacylglycerol) from rat
pineal glands incubated with [**Plorthophosphate and
pL-propranolol. The product is 95% radiopure and of high
specific activity. The yield of liponucleotide is 0.4-0.9 uCi/
mCi of [*Plorthophosphate in the medium. The same
method can also be used for the biosynthesis and purifi-
cation of [*H]phosphatidyl-CMP when [*H]cytidine is the
precursor.

Supplementary key words pineal gland * propranolol * liponu-
cleotide * [**P]phosphatidyl-CMP * [*H]phosphatidyl-CMP

The importance of Ptd-CMP as an intermediate in
the biosynthesis of phosphatidylinositol, polyglycero-
phosphatides, and (in bacteria) phosphatidylserine
has been well documented (1-8). However, studies of
the metabolic role of the liponucleotide have been
hampered by its extremely low concentration in micro-
organisms and mammalian tissues. Recently, Thomp-
son and MacDonald (9, 10) isolated Ptd-CMP from
bovine brain and liver in sufficient quantities to per-
mit its complete chemical characterization. Their
findings concerning the nature of the molecular species
have focused attention on the precise metabolic re-
lationships between Ptd-CMP and other acidic phos-
pholipids. For these reasons, the availability of a simple
method for the preparation of radioactive Ptd-CMP
which could be utilized in metabolic studies would
be useful. Aside from a relatively tedious chemical
synthesis (11, 12), no such preparative procedure has
been described.

Previously, we reported (13, 14) that incubation of
rat pineal glands in vitro with the B-adrenergic recep-
tor blocking agent, pL-propranolol, caused enhanced
de novo synthesis of phosphatidylinositol and phos-
phatidylglycerol as well as an accumulation of Ptd-CMP.

Abbreviations: Ptd-CMP, phosphatidyl-CMP(CDP-diacylglyc-
erol); TLC, thin-layer chromatography.

We also briefly noted that the recovery of the liponu-
cleotide from a CHCl;—CH;OH extract of pineal
lipids was dependent on the acidity of the aqueous
phase used to wash out water-soluble contaminants.
In this report, we describe how these observations
have been utilized to develop a rapid method for the
preparation of nearly radiopure Ptd-CMP of high
specific activity.

Materials and methods

Materials. [5-*H]Cytidine (6-22 Ci/fmmol) was ob-
tained from Schwarz-Mann, Orangeburg, NY. [*P]-
Orthophosphate was purchased from New England
Nuclear, Boston, MA. Unisil silicic acid (220-325 mesh)
was a product of Clarkson Chemical Co., Williamsport,
PA. Silica Gel H plates for TLC were obtained from
Analtech, Inc., Newark, DE. pL-Propranolol-HCl was
purchased from Sigma Chemical Co., St. Louis, MO.
Female rats, 125-150 g, were provided by Texas In-
bred Mice Co., Houston, TX, or Charles River Breed-
ing Laboratories, Wilmington, MA. Ptd-CMP hydro-
lase from Escherichia coli was purified through the
acetone precipitation step according to Raetz et al. (15).

Biosynthesis of radiolabeled Ptd-CMP. Rat pineal glands
were incubated with carrier-free [*Plorthophosphate
as described previously (14) in 100 ul of Krebs-Ringer
bicarbonate medium, pH 7.4, from which calcium
chloride and orthophosphate were omitted and which
contained 5.5 mM glucose and 0.1 mM propranolol.
Incubations with [*Hlcytidine were carried out under
identical conditions except that complete Krebs-Ringer
bicarbonate—glucose medium containing 0.1 mM
propranolol was used. All incubations were performed
for 3—6 hr at 37°C and terminated by the addition of
2 ml of ice-cold isotonic NaCl solution. Each gland
was immediately removed and washed successively in
two 2-ml portions of isotonic NaCl. Up to 10 glands
were then transferred to 5.0 ml of CHCl;-CH;OH
(2:1)-5% H,0 for extraction of lipids.

Purification of phosphatidyl-CMP. To the lipid extract
was added 1.0 ml of 1 mM sodium citrate, pH 8.
The mixture was shaken, the phases were allowed to
separate, and the upper phase was collected. The
lower phase was washed with two-thirds its volume of
CHCl;-CH3OH-1 mM sodium citrate 3:48:47, pH 8.
The pooled upper phases were adjusted to pH 2 by
dropwise addition of CHCl;-CH;OH-1N HCI 3:
48:47 (ca. 0.2 ml) and back-extracted with two 5 ml
portions of CHCl;-CH,OH-H,O 86:14:1.

The CHCls-rich extract was taken to dryness under
nitrogen, taken up in 0.5 ml of CHCl;—pyridine-
formic acid 50:30:7, and applied to a 0.5 X 5 cm col-
umn of Unisil silicic acid which had previously been
equilibrated with the same solvent. The column was
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TABLE 1. Recovery of radioactivity in phosphatidyl-CMP
after neutral or acid extraction procedures

Phosphatidyl-CMP
Recovered

Neutral Acid Add/

Precursor Additions Wash  Wash Neutral
pmoligland
Exp. 1 [*H]cytidine None 005 036 7.2

[*Hlcytidine 0.3 mM propranolol 2.48 14.53 5.9

Exp. 2 [*H]cytidine 0.1 mM propranolol 1.03 598 5.8
zp 0.1 mM propranolol 2.80 17.91 6.4

Rat pineal glands were incubated for 1 hr in Krebs-Ringer-bi-
carbonate-glucose medium containing [*H]cytidine (sp act 3.8 x 10°
cpm/pmol) or P (171 cpm/pmol) and then transferred to 5 ml of
CHCl;-CH,0H (2:1)-5% H,O. The neutral wash procedure was
carried out according to Folch, Lees, and Sloane Stanley (16). The
acid wash procedure and other details are described in Materials
and Methods. Each value is the average of results from two to four
incubations.

eluted with 15 ml of CHCl;—pyridine-formic acid
50:30:7, followed by 5 ml of CHCl;. The radioactive
Ptd-CMP was then eluted with 15 ml of CHCl;-CH,OH
(1:3 or 3:2).

Analytical procedures. When the distribution of radio-
activity present in pineal phospholipids after incuba-
tion was to be determined, a washed total lipid extract
was prepared from a portion of the initial CHCl,;-
CH3;0H-H,O solution. The aliquot was brought to
5 ml with CHCl;-CH3;OH (2:1)-5% H,0 and the
mixture was shaken with 1.0 ml of 0.01 N HCL. The
resulting upper phase was discarded and the lower
phase was washed twice with two-thirds its volume
of CHCl;—-CH;OH-0.01 N HCI 3:48:47, the interface
was then rinsed with CHCl;-CH;OH-H,0O 3:48:47
and CH,OH was added to make one phase.

When [*H]cytidine was the precursor, an aliquot
of the washed total lipid extract was taken for radio-
assay. Phospholipids labeled with 3P were separated
by two-dimensional TLC, located by radioautography,
and appropriate areas of silica gel were counted as
previously described (13). Radioactive measurements
were performed using a Packard liquid scintillation
spectrometer.

Results

Development of the method. The use of acidified aque-
ous phases to wash a Ptd-CMP-containing lipid extract
caused retention of far more of the liponucleotide
in the CHCl; layer than if neutral aqueous phases
were employed (Table 1). The data indicate that about
six times as much Ptd-CMP was recovered following
a sequence of HCl washes as compared to a series of
KCl washes, as judged from both [*H]cytidine and
#P incorporated into the compound in the presence

of propranolol. These observations suggested that the
effect of pH on the partition of Ptd-CMP between
an aqueous and an organic phase might be made the
basis of a method for its purification.

In developing such a method, the first step was to
define conditions in which Ptd-CMP would partition
to the maximum extent into an aqueous phase from
a CHCl;-rich layer. To investigate this, citrate buffers
of different pH values and concentrations were equili-
brated with an extract of rat pineal lipids containing
[*H]Ptd-CMP (Table 2). As the pH was raised from
3 to 6, progressively more liponucleotide passed from
the organic phase to an aqueous phase containing
10 mM citrate buffer. No more than about 60% of
Ptd-CMP was transferred even when the pH increased
to 8. In the presence of 1 mM citrate buffer at a pH
near neutrality, over 90% of the liponucleotide was
extracted into the aqueous layer. In contrast, when
the aqueous phase contained 1 mM Tris buffer, pH
8.0,61% of Ptd-CMP was retained in the CHCI; phase.
Thus, the observed partition characteristics do not
seem to be due simply to a salt effect (16).

After acidification of the citrate upper phase, from
70 to 90% of Ptd-CMP was transferred into an organic
phase. When *P was the precursor, the radiopurity
of liponucleotide after this back-extraction step varied
from 60 to 85%, the principal labeled contaminant
being phosphatidylinositol.

Upon silicic acid column chromatography of the
lipid back-extracted into an organic phase, nearly all

TABLE 2. Effect of pH and citrate buffer concentration on
retention of phosphatidyl-CMP in CHCl,-rich phase

Phosphatidyl-CMP Not Partitioned

Aqueous Phase into Aqueous Phase

%
0.01 N HCI 100

10 mM Na citrate buffer
pH 3.3 108
4.0 83
5.0 34
6.0 33
7.0 45
8.0 39

1 mM Na citrate buffer

pH 3.3 99
6.0 7
7.0 4
8.0 4

Five rat pineal glands were incubated for 3 hr with 10 uM
{*H]cytidine (6 Ci/mmol) and 0.1 mM propranolol as described
in Materials aiid Methods. Aliquots which contained 6000-10000
cpm were removed from the CHCl;—-CH;OH (2:1)-5% H,O ex-
tract and made to 5.0 ml with the same solvent. Each solution was
washed with 1.0 ml of a designated aqueous phase and the re-
sulting lower phase was then washed with two-thirds its volume
of CHCl;~CH,;0OH-aqueous phase 3:48:47. Portions of the final
lower phase were taken for radioassay.
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TABLE 3. Purification of [3*P]phosphatidyl-CMP

Step Propranolol No Propranolol
Total cpm cpm in phosphatidyl-CMP Total cpm
Acid washed lower phase 203,000 89,200 103,000
Back-extraction from citrate upper
phase 73,200 13,000
Unisil column fractions
CHCl;-pyridine-HCOOH 50:30:7 6,780 3,720
CHClL; 325 350
CHCl;-CH;0H 3:2 41,560 40,150 960
CHCL;-CH;OH 1:9 12,830 10,850 2,150
Not transferred to column 1,670 5,060

Five rat pineals were incubated in either the presence or absence of propranolol (0.1 mM) for 3 hr. Each group of glands was pooled
and extracted with 5.0 ml of CHCl;—-CH,;0H (2:1)-5% H;0. A 0.25-ml aliquot of each extract was removed and washed with HCI-containing
aqueous solutions to prepare acid washed lower phase. Aliquots of this phase were taken for radioassay as well as for two-dimensional
TLC of phospholipids and determination of radioactivity in Ptd-CMP. The remainder of the initial extract was carried through the
Ptd-CMP purification procedure. Aliquots for radioassay were removed from the CHCl,-rich phase obtained in the back-extraction step
and from Unisil column fractions. Additional portions of the CHCl;—CH3OH 3:2 and CHCl;-CH;OH 1:9 fractions from the column
were utilized to separate phospholipids in order to assay their content of Ptd-CMP radioactivity. The cpm are expressed per pineal gland
and are normalized to 10® cpm of ¥P in the medium. Further experimental details are described in Materials and Methods.

residual phosphatidylinositol, together with trace
amounts of other less polar phospholipids, such as
phosphatidic acid, were eluted by CHCl;—pyridine—
formic acid. The bulk of Ptd-CMP could then be eluted
by CHCl;—-CH;3;0H 3:2 or CHCl;—-CH;OH 1:3. Subse-
quent elution of the column with CHCl;-CH3;OH 1:9
yielded a fraction containing a small quantity of Ptd-
CMP of somewhat lower radiopurity.

The results of a representative preparation of [*P]-
Ptd-CMP are summarized in Table 3 (columns 1 and
2). After incubation of several pineal glands with pro-
pranolol, 44% of the total P in phospholipid was
present in Ptd-CMP as determined on aliquots of the
initial solvent extract. When the remainder of the
extract was subjected to the purification scheme, nearly
half of the Ptd-CMP radioactivity was recovered in
the CHCl;~CH;OH 3:2 fraction from the Unisil
column and an additional 12% was eluted by CHCI;-
CH,;OH 1:9.

Identity of the product. The presence of Ptd-CMP in
lipid extracts prepared from pineal glands that had
been incubated with propranolol has been conclusively
established by chromatographic, chemical, and enzy-
matic techniques (14). The purified $P-labeled ma-
terial behaved exactly like Ptd-CMP when chromato-
graphed in the two-dimensional TLC system employed
previously. When treated with Ptd-CMP hydrolase
(14), more than 75% of the final product was con-
verted into a substance that comigrated with phospha-
tidic acid on silica gel G in CHCl,-pyridine—formic
acid 50:30:7.

Radiopurity and yield of **P-labeled product. The data
in Table 4 indicate that more than 40% of the %P
incorporated into pineal lipids was present in Ptd-
CMP. Much smaller and approximately equal propor-
tions of radioactivity were present in other acidic
phospholipids, namely phosphatidylinositol, phos-
phatidylglycerol, and phosphatidic acid; these four

TABLE 4. Distribution of *P in washed total lipid extract and in purified phosphatidyl-CMP

Purified Phosphatidyl-CMP

Radioactivity in Preparation Preparation Preparation
Phospholipid Washed Total Lipid Extract 1 2 3
% %
Phosphatidyl-CMP 423 + 0.6 92.2 94.1 96.6
Phosphatidylinositol 129 % 1.0 3.2 08 2.1
Phosphatidylcholine 47+ 14
Phosphatidylethanolamine 7.1x12
Phosphatidylglycerol 11.9 = 2.0
Phosphatidic acid 11.5+ 0.9
Diphosphatidylglycerol 2003
Other 7.8 +3.3 4.6 5.0 1.3

Five pineal glands were labeled with 3P in the presence of propranolol. A portion of the initial lipid extract was washed and the
compounds were separated by two-dimensional TLC. The values for the washed total lipid extract are averages + SEM derived from
four experiments. Phosphatidyl-CMP was purified and portions of the preparation were subjected to two-dimensional TLC. For further

details, see text.
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Fig. 1. Time course of incorporation of radioactive precursors
into phosphatidyl-CMP. Incubations with P (15 uCi) were carried
out in 100 ul of Krebs-Ringer—-bicarbonate-glucose (no CaCl, or
orthophosphate) that contained 0.1 mM propranolol. Lipids were
extracted and separated and radioactivity in Ptd-CMP was quan-
titated as described in the text and in (14). Incubations with [*H]-
cytidine (6 nGi) were performed in 100 ul of Krebs-Ringer—bicar-
bonate-glucose medium that contained 0.1 mM propranolol.
Lipids were extracted and portions of the washed total lipid extract
were taken for radioassay. [PH]Cytidine, O O; 2P, @ @.

lipids contained over 75% of the incorporated radio-
activity. The Ptd-CMP purification procedure gave
preparations of liponucleotide that were consistently
greater than 90% radiopure. A small amount of phos-
phatidylinositol (1-3%) could not be readily re-
moved. Other impurities consisted of radioactive
substances that migrated more slowly than Ptd-CMP
in the two-dimensional TLC system employed and
are apparently more polar than the liponucleotide.
These compounds, some of which may be lysophos-
phoglycerides, are presumably trace lipid components
which are selectively concentrated during Ptd-CMP
purification.

The radiopurity of the product was further eval-
uated by carrying out the purification procedure start-
ing with pineal glands that had been labeled with 3P
in the absence of propranolol. Since negligible amounts
of Ptd-CMP are formed under these conditions (Table
1), virtually no radioactivity should be recovered.
Data in Table 3 (column 3) show that only 5.7% of
the counts present in Ptd-CMP containing column
fractions was recovered in those same fractions in the
experiment in which propranolol was omitted. If con-
taminants are considered to account entirely for the
residual counts, this figure is in good agreement with
the extent of impurities as determined by direct analy-
ses of Ptd-CMP preparations.

The yields of purified radioactive Ptd-CMP based
on the amount of liponucleotide estimated to be pres-
ent in the total 3P-labeled lipid extract as determined
by counting the appropriate TLC spot were 37, 57,

and 57% for the three preparations summarized in
Table 4. Losses occurred principally in the back-extrac-
tion and column chromatography steps; the latter
losses were apparently due to the elution of varying
amounts of Ptd-CMP by CHCI;-pyridine-formic
acid. The yield of final product in these preparations,
expressed per millicurie of P present in the incuba-
tion medium, ranged from 0.37 to 0.89 uCi. The varia-
bility is a reflection not only of preparative losses,
but also of the extent of P uptake into lipids during
pineal gland incubations.

Yield of [®H leytidine-labeled product. In two experi-
ments in which pineal glands were incubated with
[*H]cytidine and 0.1 mM propranolol, the amount of
label incorporated into lipids was 8,000 and 15,000
cpm, respectively, per 108 cpm of precursor. Previous
findings had established that the sole radioactive prod-
uct obtained under these conditions is Ptd-CMP (14).
The 3H-labeled material behaved in the same manner
as [**P]liponucleotide when carried through the puri-
fication procedure and was recovered in similar yield.

An additional experiment was performed to con-
firm that 3H- and #P-labeled lipids were copurified
in the method. To do this, pineal lipids were labeled
separately from [*Plorthophosphate and [*H]cytidine
and washed lipid extracts were prepared. The radio-
activity in [**P]Ptd-CMP was determined after separa-
tion of lipids by two-dimensional TLC whereas the
%H incorporated was measured by counting an ali-
quot of the extract. The H/**P ratio in this instance
was 1.91. Equal aliquots of each lipid extract were
combined and the mixture was subjected to the purifi-
cation procedure. The corresponding ratio of counts
eluted from the Unisil column by CHCl;-CH;OH
3:2 was 2.13.

Time course of isotope incorporation into Ptd-CMP. When
incubations were performed for different lengths of
time, the incorporation of **P into Ptd-CMP was high-
est after 3 hr of incubation and then declined (Fig. 1).
Indeed, radioactivity in the liponucleotide as a percent-
age of that in total phospholipid fell from 42% after
3 hr to 14% after 24 hr. The incorporation of [*H]-
cytidine followed a similar time course, rising to a peak
at 6 hr and then falling steadily to a value at 24 hr that
was 30% of the maximum.

Discussion

The practice that gave impetus to this investigation,
namely the use of acidified aqueous phases during
lipid extraction to recover maximal quantities of Ptd-
CMP, has been employed previously by several investi-
gators in studies of Ptd-CMP biosynthesis (17, 18).
The dependence on pH of the extent of partition
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between an aqueous and organic solvent of the more
polar acidic phospholipids, such as acyldihydroxy-
acetone phosphate and lysophosphatidic acid, has also
recently been demonstrated (19, 20). Investigators
who do not take this pH effect into account may only
partially recover biosynthesized Ptd-CMP.

The present report describes for the first time a
biosynthetic procedure for the isolation of nearly
radiopure Ptd-CMP. Since the product is formed
enzymatically, it has the natural steric configuration
in contrast to the racemic mixture obtained when the
liponucleotide is synthesized chemically. Our previous
studies established that the P in Ptd-CMP formed
in the pineal gland during a 3-hr incubation is dis-
tributed such that 40% is in the CMP moiety and
the remainder is in the phosphatidyl group (14).

The preparative method offers the particular ad-
vantage of speed since numbers of pineal glands can
be dissected within minutes and, after incubation,
the purification of **P-labeled Ptd-CMP can be accom-
plished within a few hours. A limitation of the approach
is that only relatively small quantities of liponucleo-
tide may be obtained with this system. Besides the
pineal gland, only pancreatic islets in the presence
of tetracaine (21) and iris muscle and retina in the
presence of propranolol (22, 23) have so far been
reported to accumulate Ptd-CMP. If a means can be
found to deplete other tissues of endogenous inositol,
it may be possible to obtain larger amounts of Ptd-
CMP after incubation in the presence of propranolol
or other cationic amphiphilic amines (24).

The small quantity of liponucleotide present in
the pineal gland after incubation precluded direct
determination of the specific activity of the product.
However, an estimate of the specific radioactivity of
the *H-labeled Ptd-CMP formed may be made as fol-
lows. In one experiment using [*H]cytidine (sp act
22 Ci/mmol) as precursor and assuming that external
cytidine equilibrates rapidly with nucleotide in the
pineal gland, approximately 10 pmol of liponucleo-
tide was biosynthesized. If the level of endogenous
Ptd-CMP is the same in pineal tissue as in the liver,
namely 10 umol/kg (9), and the weight of a rat pineal
gland is 1 mg, the specific activity of the product is
roughly one-half that of the precursor. Using carrier-
free [®Plorthophosphate, Ptd-CMP of much higher
specific activity may be obtained.

Recently, a biosynthetic method was described for
the preparation of many %P-labeled phospholipids
of high specific activity using cultured cells (25). The
present method is a useful complement to this
procedure. Bl
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