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Abstract

We investigated metabolic utilization of exogenous (modelled
after lung surfactant) phospholipids by granular pneumocytes
in primary culture. Cells were incubated for 21, 65, and 140 min
with pH-methylldipalmitoylphosphatidylcholine (DPPC) con-
taining liposomes prepared from synthetic lipids. Radioactivity
in cellular phosphatidylcholine (PC) declined steadily to 50% of
the total trypsin-resistant cell-associated radioactivity. The pro-
portion of radioactivity increased with time in cytidine-5'-di-
phosphate-choline and phosphorylcholine, which suggested re-
utilization of choline for PC synthesis. Cells incubated with li-
posomes for 2 h revealed that of the total cell-associated
radioactivity, 7% was in lamellar bodies and 10% in the micro-
somal fraction. The lipid-associated radioactivity was 24% in
"soluble," 96% in lamellar bodies, and 92% in the microsomal
fraction. Percent of total PC label recovered in disaturated PC
of microsomal fractions decreased (slope = -5.27%/h) with time
of incubation (r = 0.67). Incubation of cells with liposomes con-
taining {13H-methyllcholine - 114Cqpalmitoyl}DPPC led to al-
tered isotope ratios in both lamellar bodies and microsomes.
These observations indicate that granular pneumocytes degrade
exogenous PCand resynthesize PCfrom degradation products.

Introduction

The surface tension lowering properties of lung surfactant are
ascribed to the presence of dipalmitoylphosphatidylcholine
(DPPC)' (1). This phospholipid accounts for almost half of the
phospholipids recovered in the lung surfactant (2). There is strong
evidence that this and other components of lung surfactant are
synthesized in the type II epithelial cells (3) and stored in their
lamellar bodies (4) before secretion onto the alveolar surface (5-
7). The extracellular phospholipids are removed from the alveoli
by several possible pathways. One of these pathways, involving
ingestion and degradation of phospholipids by macrophages, has
been shown to have a relatively minor importance in clearance
of surfactant phospholipids, as evidenced by studies involving
pulse-labeling kinetics (5) and in vivo instillation of radio-labeled
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1. Abbreviations used in this paper: CDP-choline, cytidine-5'-diphos-
phate-choline; DPPC, dipalmitoylphosphatidylcholine; DSPC, disatu-
rated PC; MEM,minimum essential medium; PC, phosphatidylcholine;
PG, phosphatidylglycerol.

biosynthesized surfactant (8, 9). Another pathway of surfactant
clearance by lung tissue has been elucidated in recent years. In
vivo studies on instillation of biosynthesized surfactant (9-1 1)
or liposomes prepared from synthetic lipids (1 1, 12) have sug-
gested involvement of granular pneumocytes in this process.
Using these cells in primary culture, we have previously shown
that they internalize exogenous phospholipids and that this up-
take is dependent upon concentration of phospholipids, the time
and temperature of incubation, and can be modulated by met-
abolic inhibitors (13). In this report we extend our investigation
to localize the phosphatidylcholine (PC) radioactivity in sub-
cellular fractions and provide evidence for resynthesis of PC
from degradation products.

Methods

Preparation of liposomes. Liposomes were prepared from lipid mixtures
containing DPPC/egg PC/phosphatidylglycerol (PG) and cholesterol
(10:5:2:3, mol/mol). Trace radiolabeled lipids were added to the lipid
mixture in chloroform solution. The lipid mixtures were then dried under
nitrogen, resuspended in 1 ml of saline, and liposomes prepared by son-
ication as described previously (13). Sonication was performed using a
probe sonicator (sonic dismembrator, model 150; Artek Systems Corp.,
Farmingdale, NY) set at 40% of maximum output. Trace radiolabeled
lipids were [3H-methyljcholine DPPC, [1-'4C]palmitoyl DPPC, or [1-
'4C]palmitoyl-2-oleoyl PC.

Preparation of J-["C]palmitoyl-2-oleoyl PC. 1-[14C]palmitoyl lyso
PC was dissolved in chloroform and dried under nitrogen. The dried
lipid was suspended in Tris-HCl buffer (pH 7.4) using a bath sonicator
and 0.1 mMoleoyl-coenzyme A and 25 mgrat liver microsomal protein
(for acyl transferase activity) were added to this suspension. The mixture
(final volume 2.0 ml) was incubated at 37°C for 30 min. The incubation
was terminated by addition of 5 ml of chloroform/methanol (1:2 vol/
vol). Lipids were extracted (14), and PC was separated by thin-layer
chromatography. Almost 70% of lyso PC was converted to PC. Only
10% of recovered PC radioactivity was in the disaturated species.

Cell isolation. Specific pathogen-free adult male Sprague-Dawley
rats (Charles River Breeding Laboratories, Wilmington, MA) weighing
200 g were used for isolation of alveolar epithelial type II cells (15). Rats
were anesthetized with 50 mg/kg sodium pentobarbital and lungs were
cleared of blood by a brief period of perfusion with minimum essential
medium (MEM). Lungs were dissected free of trachea and large bronchi,
and minced. Alveolar epithelial type II cells were isolated by tryptic
digestion and differential adherence as described previously (15). Type
II cells for all experiments were used after 24 h in primary culture. Routine
examination of cells at the end of 24 h showed > 90% purity of type II
cells and > 93% excluded erythrosin B.

Incubation of cells with liposomes. Cells adherent to plastic after 24
h in culture were washed with serum-free MEMthree times to remove
any residual serum. The cells were then incubated in serum-free MEM
(6 ml) with liposomes added to give a final concentration of 0.2 mM
PC. Incubation with liposomes was carried out for some experiments in
the presence of 100 uM quinacrine, 100 MMchloroquine, 50 uM me-
thylamine, 10 mMNH4CI, or in choline-free MEM.The incubation was
terminated at varying times by removing the incubation medium and
washing the cells five times with ice-cold MEM.The flasks were treated
with 5 mMEDTAto remove macrophages and type II cells were harvested

Lung Surfactant Uptake and Metabolism 1133

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/87/04/1133/06 $1.00
Volume 79, April 1987, 1133-1138



using a single 10-min incubation with 0.25% trypsin. The time elasped
between termination of incubation with liposomes and harvesting of
cells was 20 min. The cells were pelleted, washed once with saline,
sonicated in saline, and aliquots were removed for extraction of lipids
(14) and determinations of proteins and cell-associated radioactivity.

Isolation of subcellular fractions. For isolation of lamellar bodies,
2.5 X 107 cells were sonicated in 1 ml of 1 M sucrose giving two

bursts of 15 s each and 5 s apart. Lamellar bodies from this homogenate
were isolated by upward flotation on a discontinuous sucrose density
gradient (16). The lamellar bodies band at the interface between 0.42
and 0.47 M, and remaining particulate material was recovered in the
pellet. This interface was diluted to 0.2 Msucrose and lamellar bodies
recovered by centrifugation at 20,000 g for 15 min. Wehave shown
previously that the lamellar bodies are recovered in the pellet with min-
imal succinate dehydrogenase or NADPH-cytochrome c reductase ac-
tivity (16).

For preparation of a microsomal fraction, 2.5 X 10' cells were son-
icated in 2.0 ml of 10 mMTris-0.15 MNaCl-0.32 Msucrose, and cen-
trifuged at 7,700 g for 20 min. The supernatant placed over 0.8 Msucrose
was spun at 80,000 g for 3 h. The soluble fraction was isolated in 0.32
Msucrose and the microsomal fraction was recovered in the pellet (17).
Wehave shown previously that the microsomal fraction showed 2.5-
fold enrichment over the homogenate in rotenone-insensitive NADPH-
cytochrome c reductase activity and < 10% contamination with succinate
dehydrogenase activity (18).

Analytical techniques. Phospholipids were assayed by determination
of inorganic phosphorous as described previously (19). Phospholipids
were separated on thin-layer chromatography (20), visualized by brief
exposure of developed plates to 12 vapors, and identified by co-chro-
matography of authentic standards. For isolation of PC, the spots co-
migrating with authentic PCwere scraped and eluted with 5 ml of chlo-
roform/methanol (vol/vol, 1:2) and then twice with 5 ml of methanol.
The recovery by this method exceeded 85%. Disaturated PC (DSPC)
was isolated by osmication of lipid extracts and chromatography on neu-
tral alumina columns (21). Recovery, which was assessed by processing
a known amount of DPPCradioactivity through osmication and columns,
exceeded 90%.

Water soluble choline-containing metabolites were isolated from the
"upper" (aqueous) layer from the lipid extract which was evaporated to
dryness under nitrogen, redissolved in 0.2 ml of water, and separated by
thin-layer chromatography on silica gel Gplates developed in methanol/
0.5% NaCl/NH40H (50:50:1, vol/vol) (22). Authentic standards of cy-
tidine-5'-diphosphate-choline (CDP-choline), phosphorylcholine, glyc-
erophosphorylcholine, and betaine were co-chromatographed. CDP-
choline was visualized by ultraviolet light and others by brief exposure
to 12 vapors.

To confirm that the radioactivity co-migrating with CDP-choline
was in the choline moiety, the area of gel corresponding to authentic
CDP-choline was scraped into tubes and eluted by three overnight ex-
tractions with 2 ml of 80%ethanol. Elution of authentic ['4C]CDP-choline
was > 95% by this procedure. The eluted samples were dried under ni-
trogen, resuspended in 0.5 MTris buffer (pH 9.5), and hydrolyzed using
10 U alkaline phosphatase and 1 U phosphodiesterase at 370C for 7 h.
The reaction was terminated by addition of 5 gl of 12% perchloric acid.
The mixture was neutralized with 20 Mil of 6 MK2Co3. Preliminary
experiments with authentic [14C]CDP-choline showed > 95%conversion.
The hydrolysis products were then re-chromatographed on thin-layer
chromatography plates that were developed for water soluble choline
metabolites as described above. The choline-containing spots were scraped
and radioactivity was measured in samples and in authentic ['4C]CDP-
choline standards. All radioactivity was recovered in the spot co-migrating
with choline. Spots co- migratin with authentic glycerophosphorylcholine
were eluted, dried, and subjected to acid hydrolysis with I MHCI at
1000C for 30 min (23) and the hydrolysate rechromatographed. All ra-
dioactivity in the hydrolysate co-migrated with choline.

Proteins were determined on aliquots of sonicated cells by protein
dye binding reagent (Bio-Rad Laboratories, Richmond, CA) according
to Bradford (24). Radioactivities were measured by liquid scintillation

counting using 1 ml water in 10 ml Liquiscint (National Diagnostics,
Inc., Manville, NJ).

Materials. ['4C]CDP-choline, [1-'4C]palmitoylglycerophosphoryl-
choline, [3H-methyl]DPPC, and [14C-palmitoyl]DPPC were obtained
from New England Nuclear, Boston, MA. DPPC, egg PC, phosphati-
dylglycerol (PG), chloroquine diphosphate, quinacriue hydrochloride,
alkaline phosphatase, and phosphodiesterase were obtained from Sigma
Chemical Co., St. Louis, MO. Authentic lipid standards were obtained
from Supelco, Inc., Bellefonte, PA.

Statistical analysis. Results were evaluated for statistical significance
by Student's t test for unpaired data (25). The level of significance was
taken as P < 0.05.

Results

Incubation of granular pneumocytes with [3H]DPPC-containing
vesicles showed that the trypsin-resistant radioactivity associated
with cells increased nonlinearly with time of incubation, and by
4 h the cells had taken up - 3 nmol PC/mg cell protein (Fig.
1). This represents 0.5-1.0% of total radioactivity in the flask.
Since the cells were trypsinized before analysis we assume this
cell-associated radioactivity represents phospholipid internalized
by the granular pneumocytes (16). The incubation medium was
checked for extracellular degradation of [3H]DPPC and the ra-
dioactivity partitioned into lipid soluble and water soluble cho-
line-containing products. The radioactivity in the water soluble
compartment was < 0.3-0.4%.

The total trypsin-resistant cell-associated radioactivity was
analyzed for choline-containing metabolites after incubation of
cells with vesicles for different times. The minimum time of
incubation was 1 min. However, this was designated as 21 min
since further incubation of 20 min was necessary to remove the
cells from attachment to the plastic culture flask. Similarly, cells
incubated for 45 min with vesicles were designated as 65 min
and those for 120 min were designated as 140 min. The radio-
activity in PC decreased with time of incubation from 100% at
zero time to 50.1% at 140 min (Fig. 2). At the same time, the
radioactivity in the lysophosphatidylcholine fraction increased
to 4.4% at 21 min and then decreased to 1.2% at 140 min (Fig,
3 A). The aqueous soluble choline-containing metabolites were
further separated and radioactivity in each metabolite was ex-
pressed as percent of total cell-associated dpm. The major prod-
uct was glycerophosphorylcholine, which presumably results
from degradation of PCby the combined action of phospholipase
A and lysophospholipase. The radioactivity in this fraction in-
creased with time to 13% by 140 min (Fig. 3 B). Choline and
phosphorylcholine, possible additional degradation products of
PC, and CDP-choline, an intermediate in PCbiosynthesis from

4 - Figure 1. Uptake of liposomal PC
by rat granular pneumocytes in

X 3 primary culture. Isolated cells after
ON 24-h primary culture were incu-

bated with [3H-methyl]DPPC in li-
a2-2 / posomes prepared from DPPC/egg

E / PC/PG and cholesterol (50:25:10:
15 mol/mol) mixtures at PC con-
centrations of 200,uM in serum-

0° { 2 3 4 free medium. Cells were harvested
at indicated times and trypsin-re-HOURS sistant cell-associated radioactivity

quantitated as described in the text. Results are mean±SE of six obser-
vations and are expressed as nanomoles PCper milligram cell protein.
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oo0 > pC Figure 2. Fate of cell-as-

sociated PC. Cells were
80 \ incubated with [(3H-

0 \ methyl)choline]DPPC
ob 60 = Y containing liposomes
I 40 prepared from lipid

mixtures of composition
as described in the leg-

0L end to Fig. 1. Incuba-
20 60 100 1 40 tions were carried outMinutes min

and designated as 21, 65, and 140 min to include the 20-min period
required for harvesting the cells. Results are mean±SE of four experi-
ments and are expressed as percent of trypsin-resistant cell-associated
radioactivity.

choline, also showed increasing percent radioactivity with time
(Fig. 3, C-E). Wedid not detect any radioactivity in betaine,
which suggested little oxidation of choline by these cells. To
investigate if the lossof label from PC was a result of base ex-

change reaction, we incubated cells with 3H-choline-labeled
DPPCliposomes in choline-free MEM(the control MEMcon-

tained 7 uM choline). Omission of choline from the medium
did not change the proportion of label remaining in cellular PC
(36 vs. 38% in controls, mean of two separate experiments) at
the end of 2 h. Addition of basic amines did not significantly
alter degradation of PC in the cells (Table I).

Investigation into subcellular localization of internalized ra-

dioactivity after 2 h incubation revealed that -34% of radio-
activity from DPPCwas recovered in the soluble fraction (Table
II). The particulate fractions (microsomes and lamellar bodies)
accounted for 17%of radioactivity (Table II). In two experiments,
lamellar bodies were isolated from cells that had been incubated
with liposomes for 10 min. Only 3 and 4%of total radioactivity
was recovered in the lamellar body fraction. Analysis of distri-
bution of radioactivity on the gradient used to prepare the la-
mellar body fraction from cells after 2 h incubation showed that
12 and 13% of the total (n = 2) was recovered at the interface
at 0.45 Msucrose and that 10% was present with the pellet

(data not shown). However, when liposomes were added to cell
homogenates and this mixture centrifuged on the gradient used

F-

I
C.'

4-

I

c-)

Minutes

Table I. Effect of Basic Amines on
Intracellular Degradation of DPPC

Addition No. dpm in PC*

None 2 51.6±0.1
Chloroquine (0.1 mm) 2 54.2±2.3
Methylamine (0.05 mM) 2 55.2±1.4
Quinacrine (0.1 mM) 1 55.7
NH4C1(10 mM) 2 55.6±1.0

Cells were incubated for 2 h with 0.2 mMliposomal PC in the ab-
sence or presence of basic amines at indicated concentrations. At the
end of incubations, cells were washed extensively, trypsinized, ex-
tracted, and analyzed for lipids. Results are mean±range.
* Percent of total cell-associated dpm.

for lamellar body isolation, the interface at 0.45 Msucrose had
3 and 4%of radioactivity (n = 2) and the pellet contained only
0.8% of the total radioactivity. A large percentage of label was
recovered in the soluble fraction. Thus, these control studies
show a clearly different distribution pattern for free liposomes
than that for the organelles isolated from cells after incubation
with liposomes.

Both lamellar bodies and microsomes isolated from cells
after incubation with liposomes showed that most of the radio-
activity was present in the lipid fraction. Onthe other hand, the
proportion of lipid-associated radioactivity in the soluble fraction
was significantly less (Table II). Lamellar bodies showed almost
all of the radioactivity present as DSPC, while microsomal frac-
tion and cell homogenate contained 40-50% in DSPC(Table
II). In one experiment, cells were incubated with lipid vesicles
for various times up to 2 h, microsomal fraction isolated, and
label in both PCand DSPCanalyzed. Label in DSPC, expressed
as percent of that in PC, decreased steadily from 43% (at 21
min) to 29% at 140 min (Fig. 4). These results provide evidence
for metabolic utilization of internalized lipids. This finding sug-
gests synthesis of unsaturated PC to account for presence of
radioactivity in the unsaturated PC of microsomal fraction.

Minutes

Figure 3. [3H-methyl]Choline metabo-
lites of cell-associated DPPC. Experi-
mental conditions were the same as de-
scribed in the legend to Fig. 2. Results
are mean±SE of four experiments and
are expressed as percent of trypsin-resis-
tant cell-associated radioactivity.
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Table I. Distribution of DPPCRadioactivity in
Subcellular Fractions of Granular Pneumocytes at 2 h

dpm, dpm,
lipid associated DSPC

dpm, recovered total PC

Cell homogenate 100 (5) 0.56±0.02 (5) 0.51±0.07 (4)
Microsomal

fraction 9.6±1.4 (7) 0.92±0.02 (3) 0.41±0.04 (4)
Lamellar body

fraction 7.0±1.0 (3) 0.96±0.01 (3) 0.91±0.05* (3)
Soluble fraction 34.3±4.3 (7) 0.24±0.05 (3) 0.50±1.10 (4)

Results are mean±SE of the number of experiments (parentheses).
Cells adherent to plastic were incubated with 0.2 mMliposomal PC
with tracer [3H]DPPC for 2 h, then trypsinized, and disrupted by soni-
cation. Subcellular fractions were isolated and analyzed as given in the
text. Total cell-associated radioactivity was -5 X 104 dpm.
* P< 0.01 vs. microsomal fraction.

Since the presence of radioactivity in CDP-choline could
arise from utilization of degradation products for biosynthesis,
we investigated the fate of doubly labeled DPPCin the micro-
somal and the lamellar body fraction. An alteration in the
3H/'4C-ratio in PC was taken as an index of PC degradation
and resynthesis. While the initial isotope ratios in these four
experiments varied between 13-16, the isotope ratio in both
lamellar bodies and microsomal fractions decreased considerably
(Table III), which provided further evidence for remodelling of
the internalized PC.

Wenext addressed the possibility of uptake and utilization
of monoenoic PCusing liposomes containing biosynthesized 1-
['4C]palmitoyl-2-oleoyl-glycerophosphorylcholine. After 2 h of
incubation the lamellar bodies and the microsomal fractions
(one experiment for each) were isolated and analyzed for radio-
activity in the PCand DPPCfractions. While 10.0% of lamellar
body PC radioactivity was present in DPPC, similar to that in
the liposomes (9.6%), the microsomal fraction contained almost
24.7% of the PC radioactivity in the DPPCfraction.

Discussion

This is the first report characterizing subcellular localization and
metabolic utilization of internalized surfactant phospholipids

Table III. Reutilization of Exogenous
DPPCby Granular Pneumocytes

3H/'4C ratio in PC

Lamellar body Microsomal
Experiment Liposomes fraction fraction

I 113.5 7.6
2 15.1 8.6
3 15.9 7.5
4 13.7 8.5

Cells were incubated for 2 h with 0.2 mMliposomal PC plus DPPC
labeled with [3H-methyl1choline and [1-'4C]palmitate. Cells were tryp-
sinized and subcellular fractions were isolated and analyzed as de-
scribed in the text.

50 Figure 4. Microsomal

NO40* * DSPCradioactivity as a
40 function of time of in-
30 - cubation of cells with li-

2n posomes. Rat granular
aI 20- pneumocytes in primary

C2- culture were incubated
Ic 20 40 60 80 100 120 140 for indicated times with

Minutes lipid vesicles of compo-
sition and label as de-

scribed in Fig. 1. Microsomal fractions were isolated and analyzed for
distribution of 3H in PC and DSPC. Label in DSPCis expressed as
percent of that in PC. Total dpm in PC ranged from 2.6 X I03 to 10.1
X 101. Correlation coefficient calculated using linear regression analy-
sis for two variables (25) was 0.69 with a slope of -5.22%/h.

by granular pneumocytes in primary culture. This model enables
us to evaluate participation of compartments other than lamellar
bodies in metabolism of internalized phospholipids.

In this report we have confirmed our previous observations
on uptake and degradation of exogenous liposomal PCby gran-
ular pneumocytes (13). Trypsin-resistant cell-associated radio-
activity increased nonlinearly approaching a plateau, but did
not reach maximum during 4 h of incubation. Radioactivity in
cell-associated PC decreased with time during the 140-min in-
cubation. Cellular lyso PC initially increased, which suggested
that DPPCwas degraded by the action of phospholipase A and
that lyso PC is an initial product of breakdown of exogenous
PC. During the later stages of incubation lyso PC decreased,
while there was a continuous increase in glycerophosphorylcho-
line, which suggested further hydrolysis of lyso PCby lysophos-
pholipase. There was no evidence of extracellular degradation
of PC, since analysis of the incubation medium showed insig-
nificant (0.5%) amounts of radioactivity in the choline-containing
water soluble products.

It is unlikely that loss of label from PC could have resulted
from simple base-exchange reaction of [3H]choline of PC with
that of intracellular choline. First, we had previously reported
(13) degradation of DPPClabeled in the fatty acyl moiety com-
parable to the present results. Second, incubation of cells with
liposomes in MEMwithout 7 gM choline did not alter loss of
label from PC, though one would expect a smaller choline pool
in the cells and lower exchange reaction. Third, we did not ob-
serve progressive increase of choline label in the cells. Fourth,
base-exchange reaction could not be detected in lung microsomes
by other investigators (26). Finally, base exchange for PC syn-
thesis could not be demonstrated in liver, during in vivo labeling
studies (27), which suggested that it is an in vitro phenomenon.

Our attempts to modulate degradation of internalized PC
by influencing the acidic compartments in the cells were not
successful. Wehave used a group of basic compounds that are
membrane permeable in undissociated form and impermeable
in the protonated form (28). This protonation presumably takes
place in an acidic compartment, where these compounds may
alter enzyme activities either by raising the intracompartmental
pH or by directly influencing the enzyme activities. Our results
with these compounds do not suggest any significant degradation
of internalized PCin the acidic compartments. A previous study
using a fluorescent PCanalogue with cultured Chinese hamster
fibroblasts indicated that degradation of the phospholipid oc-
curred at the plasma membrane, while additional lipid was
transferred to the Golgi by endocytosis (29). The inability of
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basic amines to inhibit PC degradation in the present study is
compatible with this previous report.

Subcellular distribution of internalized PC. Subsequent to
cellular uptake, a significant part of the radioactivity was co-
isolated with the "soluble fraction" of cells. Wedid not assess
recoveries of different subcellular fractions and, therefore, cannot
quantitate distribution of lipid label in the intact cells. Only 24%
of the total radioactivity in this fraction was lipid soluble, which
suggested extensive breakdown of PC. In the microsomal and
the lamellar body fractions, almost all the radioactivity was
present in the lipid soluble fraction. Wecannot exclude the pos-
sibility that disruption of cells by sonication could result in
breakdown of some of the lamellar bodies, which would result
in the release of lamellar body lipids. In such an event, these
lipids will co-isolate with the soluble fraction because of their
low density. However, the microsomal fraction is unlikely to
contain any contaminating lamellar bodies lipids since it was
sedimented through 0.8 Msucrose. Also, this fraction was rel-
atively pure as it did not exhibit any contamination with suc-
cinate dehydrogenase, a mitochondrial marker. Wehave pre-
viously isolated lamellar bodies by the method used here and
characterized them using biochemical and ultrastructural tech-
niques (16). This lamellar body-rich fraction did not show any
detectable contamination with microsomal NADPH-cyto-
chrome c reductase or succinate dehydrogenase, which supports
the conclusion that the data obtained with this fraction did not
result from contamination with other organelles. For control
experiments, radiolabeled liposomes were added to cell homog-
enates and gradient centrifugation for isolation of lamellar bodies
was carried out. There was no preferential binding of PC to
either the lamellar bodies (10) or other particulate fractions. This
would suggest targeting of internalized phospholipids to various
subcellular organelles.

Resynthesis of PC. Both choline and choline phosphate could
result from degradation of PCby phospholipase activity or from
hydrolysis of glycerophosphorylcholine. It has been suggested
that glycerophosphoryicholine may be an intermediate in bio-
synthesis of PCin muscle (28). Further, choline phosphate could
also result from biosynthesis by phosphorylation of choline by
choline kinase. Whatever the pathway of choline phosphate for-
mation, this compound appears to be directed towards CDP-
choline formation at a steady rate, since the changes in percent
radioactivity in these two fractions followed a similar course.
The radioactivity in the CDP-choline fraction could result only
from biosynthetic activity and could not result directly from
degradation of DPPC. Formation of this metabolite from reverse
reaction of choline phosphotransferase (30) is unlikely, since
this pathway shows very low affinity for DPPC(31). This supports
our earlier conclusions for reutilization of components based
on appearance of radioactivity derived from DPPCfatty acid in
the PG fraction (13).

Further evidence for utilization of degradation products for
biosynthesis is provided from the observation that only 41% of
microsomal PC radioactivity was recovered in DSPC(Table II).
Since the initial radioactivity was all in DPPC, all of the PC
radioactivity should have been recovered in the DPPCfraction
if no resynthesis had occurred. Time course experiments with
analysis of microsomal fraction revealed that label decreased in
DSPCand increased in unsaturated PC. These results would
suggest that (a) DPPCfrom liposomes was degraded in endo-
plasmic reticulum and/or transported out, or (b) newly synthe-
sized PC in this compartment was predominately unsaturated.

However, it is not possible to derive reliable half-life estimate
of this phenomenon, since sufficient number of experiments (due
to small amounts of materials available) could not be car-
ried out.

Additional evidence for resynthesis of PCwas obtained from
experiments utilizing doubly labeled DPPCliposomes. Simple
degradation of DPPCshould not change the isotope ratio in PC
of any subcellular compartment. However, resynthesis of PC
from fatty acids and choline would, provided the turnover of
these two substrates is different, change the isotope ratio. Our
observations on altered isotope ratios in lamellar bodies and
microsomes suggest resynthesis of PC in the cells, although the
extent of this synthetic activity can not be ascertained. Since the
radioactivity in choline decreased relative to that in fatty acids,
it is unlikely that lyso PC formed during degradation was sig-
nificantly reesterified to PC. If there was appreciable deacylation-
reacylation of DPPC, one would observe increased 3H/'4C-ratio
because of dilution of fatty acid label with the endogenous pool.
These results also suggest that relative to choline, fatty acids
enter a smaller or more rapidly turning over pool and would be
compatible with different biological half-lives for palmitate and
choline moiety of surfactant DPPC(4).

Use of unsaturated PC labeled with palmitate provided in-
formation on utilization of this molecular species of PC for de-
acylation-reacylation process as well as for preferential intraor-
ganelle transfer. Our results on lamellar body fractionation do
not support a preferential transfer of either the unsaturated or
saturated PC to these organelles. Further, there was no evidence
of deacylation-reacylation of internalized PC. Both of these
processes would have resulted in altered radioactivities in DSPC
of the isolated lamellar body fraction. It is still possible that
some of the internalized PC is degraded in the lamellar bodies
and the products transferred to another compartment. If such
degradation occurred, it was not specific for either of the mo-
lecular species of PC. On the other hand, an increased percentage
of radioactivity in DSPCof microsomes raises the possibility
that some deacylation-reacylation reaction occurred in these
organelles. However, further studies are required to distinguish
such remodelling from preferential transfer of internalized PC
to the endoplasmic reticulum.
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