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A B S T R A C T To study the catabolism of erythrocyte
phospholipids, human erythrocytes were labeled with
radioactive fatty acid (FA). Labeling was performed
by the two separate routes which together are thought
to be responsible for the majority of phosphatide re-
newal in the red cell: (a) passive equilibration of
erythrocytes with preformed acid-labeled red cell phos-
phatidylcholine (PC) and (b) active, "acylase"-de-
pendent, incorporation of free fatty acid in the presence
of ATP coenzyme A and magnesium. (As measured here
"acylase" = the over-all effect of fatty acid thioesteri-
fication and the action of acyl-CoA: acylglycerophos-
phoryl acyltransferase.) The labeled cells were then rein-
cubated in serum and the loss of radioactivity from cells
into serum was examined.

The phosphatide fatty acid introduced by these two
routes was incorporated into two distinct cellular phos-
phatide pools with little mixing. The fatty acid in pas-
sively introduced phosphatidyl choline was released
primarily as the intact phosphatide, whereas actively in-
corporated PC fatty acid was released primarily as free
FA. As expected for an exchange process, the passively
introduced PC was released at the same rate as it was
introduced. However, the actively incorporated FA was

released from the cell at a slower rate than its incorpora-
tion into PC. This latter phenomenon was explained by
the observation of transfer of PC fatty acid to phospha-
tidyl ethanolamine and "neutral lipid" before its release

to serum. This transfer process was inhibited by previous
heating of the reincubation serum.

The differences in the character of the released label,
in the rate of release of the label, and in the influence
of the reincubation serum all indicate separate pathways
for the renewal of phosphatide introduced into red cells
by these two routes.

Part of the material presented here has previously been
published in abstract form (1969 J. Clin. Invest. 48: 77a).
Received for publication 25 December 1969 and in revised

form 30 March 1970.

INTRODUCTION

The membrane phosphatides of mature human erythro-
cytes are continuously renewed during the circulation
of the cell (1). Phosphatidyl choline (PC) and phos-
phatidyl ethanolamine (PE) which together comprise
over 60% of the red cell membrane phospholipids are
the molecular species which are primarily involved in
this process. Since the red cell lacks acetyl Co-A
carboxylase (2), this renewal occurs without the de
novo synthesis of fatty acids. Two major pathways for
this renewal have been demonstrated. The first involves
a passive exchange of intact phosphatides (phospho-
glyceride backbone plus fatty acids) between serum
lipoproteins and red cell membranes (3-6). The second
involves an energy-dependent acylation within the mem-
brane of either endogenous RBC or plasma lysophos-
phatides by free fatty acids derived from plasma (7-10).
The red cell does not increase its total content of

phosphatide during its life-span. While it is clear that the
first phosphatide renewal mechanism (exchange) would
result in no net change in membrane phosphatide con-
tent, the second mechanism (acylation) would, in the
absence of a parallel catabolic process, cause an increase
in membrane phosphatide content. That such a catabolic
process may exist is suggested by studies which have
shown that the fatty acid moiety of red cell phospha-
tides may leave the cell independently of the phospho-
glyceride backbone (11, 12).
To explore this catabolic process, the fate of red cell

phospholipid fatty acids derived from passive ex-
change and active acylation was studied. These studies
confirm that cell phosphatide derived by passive ex-
change is lost from the cell primarily by passive return
of the complete molecule to the plasma. In contrast, they
demonstrate that cell phosphatide derived by active acyla-
tion is in large part catabolized by an independent proc-
ess involving the release of the phosphatide fatty acids
alone to the plasma. They further indicate that the fatty
acids incorporated by active acylation enter a pool of
membrane phospholipids which is distinct from the pool
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derived from passive exchange. Moreover, the fatty
acids in this "acylated" pool are transferred among
lipid classes within the cell before their release into
plasma.

MATERIALS AND METHODS

A. Reagents

Crystallized human serum albumin for the incorporation
of labeled fatty acid was obtained from Dade Div., American
Hospital Supply Corp., Miami, Fla. Linoleic acid-l-'C,
palmitic acid-l-'4C, and palmitic acid-9,10-8H, were obtained
from New England Nuclear, Boston, Mass. Nonradioactive
phosphatidylcholine and phosphatidyl ethanolamine were ob-
tained from Applied Science Labs, Inc., State College, Pa.
Alternatively, phosphatidyl choline was obtained from lipid
extracts of human erythrocytes and purified by thin-layer
chromatography (TLC) (13) on prepared silica gel plates
(Brinkmann Instruments, Westbury, N. Y.). Defatted al-
bumin for the removal of superficial red cell free fatty acid
(10) was prepared from human fraction V generously sup-
plied by the Massachusetts State Department of Health and
defatted by activated charcoal equilibration as described by
Chen (14). Phospholipase A2 from Crotalus terrificus ter-
rificus venom was obtained from the Calbiochem, Los
Angeles, Calif.

B. Labeled phosphatides

1. Phosphatidyl choline (PC) labeled primarily in the
glycero-2 position was prepared from human erythrocyte
phosphatidyl choline by conversion to lysophosphatidyl cho-
line by the action of phospholipase A2 as described by Hana-
han (15); this preparation was then reacylated with linoleic-
1-"C fatty acid in the presence of coenzyme A, ATP, and
glucose in Krebs-Hanseleit buffer (KHB) at pH 7.4 fol-
lowing the method of Waite and van Deenen using fresh
unwashed erythrocyte stroma as the enzyme source (16).
Following the reacylation lipids were extracted by the
method of Rose and Oklander (17) and purification of phos-
phatidyl choline was achieved by a minor modification of the
method of Hanahan, Dittner, and Warashina (18). Subse-
quent hydrolysis of aliquots of this preparation with phos-
pholipase A2 showed that 93% of the label could be re-
moved with this enzyme and, therefore, was in the 2 position.

2. In the combined active and passive incorporation ex-
periments which are discussed in section C4,e below, 14C-
labeled "natural" erythrocyte PC was used for the passive
label. This was obtained in advance by incubating human
erythrocytes with palmitic acid-14C, coenzyme A, and ATP
(16). The lipids were then extracted and purified as de-
scribed above in section 1. Subsequent hydrolysis of aliquots
of the purified PC showed that 26% of the incorporated
palmitic acid-14C label was in the 2 position.1

C. Methods
1. CELL COLLECTION AND PREPARATION

Peripheral venous blood was obtained from human donors
and defibrinated at room temperature with glass beads. The

1 In contrast to the rest of the experiments described here
palmitic acid was used in the double label experiments.
While we would have preferred to use linoleic acid because
of more rapid active uptake and the known predilection of
this FA for the 2 position of RBC phosphatides the only
major FA of RBC phosphatides available with both '4C and
'H labels was palmitic acid.

red cells were separated from the serum and then from
residual leukocytes and platelets with multiple washes in
KHB at pH 7.4 as previously described (10). When re-
constituted to an hematocrit of 50%, the white blood cell
count of the red cell suspension was below 400 cells/mm8.

2. LIPID ANALYSES

Erythrocyte lipids were extracted by Rose's method (17).
The total lipid phosphorus of these extracts was determined
from an aliquot by the method of Lowry, Roberts, Leiner,
Wu, and Farr (19). Major lipid components were then
isolated by thin-layer chromatography using minor modi-
fication2 of the method of Skipski, Peterson, and Barclay
(13). The various lipid classes were located by iodine
staining and identified by Rr values and specific spot tests
as previously described (10). Certain spots were then
scraped from the plate and determination of lipid phosphorus
and radioactivity were made on aliquots of sonicated sus-
pensions of this material by the direct methods of Parker
and Peterman (20) and Snyder and Stephens (21). Over-
all recovery of known quantities of labeled phosphatidyl
choline and phosphatidyl ethanolamine was found to be
greater than 95% for both lipid phosphorus and radioac-
tivity by these methods.

In some cases, residual incubation sera were analyzed in
a similar fashion: the serum was first recentrifuged at 4°C
at 15,000 g for i hr in order to remove any contaminating
cells or particles of "blood dust" (22, 23). Lipid extracts
were then prepared (24) and silica gel thin-layer chroma-
tography was performed on aliquots in order to separate
both phospholipids and neutral lipids (13, 25). By follow-
ing the recovery of known amounts of linoleic acid-"4C la-
beled phosphatidyl choline and 'H-labeled palmitic acid
added to blank serum samples, the over-all recovery of this
extraction and chromatography was found to be 85% for
phosphatidyl choline and 91% for free fatty acid. There
was only minor transfer of fatty acid--H counts to the phos-
phatidyl choline spot (less than 2%) or of phosphatidyl
choline-14C counts to the free fatty acid spot (less than 5%o)
during these blank procedures.

3. RADIOACTIVITY DETERMINATIONS

Radioactivity measurements were made in a Packard Tri-
Carb Model 3370 scintillation spectrometer. Buhler's solu-
tion (26) was used as the scintillation fluid. For experiments
with doubly labeled erythrocytes, 'H and UC counts were
separated by the use of widely separated counting windows
which were shown to produce less than 2% overlap in sensi-
tivity of 'H in the '4C window. Known quantities of both
isotopes were sequentially added to the counting vials as
internal standards in order to correct for quenching and
to calculate relative counting efficiency, and individual arith-
metic corrections were made for the contamination of the
'H counts by 14C counts.

4. EXPERIMENTAL MANIPULATIONS

(a) Passive incorporation. Tracer amounts of phospha-
tidyl choline labeled with linoleic acid-14C were evaporated
from chloroform to form a thin film on the bottom of 40-cc
round bottom centrifuge tubes. 3 cc of autologous serum

'A solvent mixture of 250 cc CHC13, 150 cc MEOH, 30
cc HOAC, and 12 cc H20 was used to assure adequate sepa-
ration of NL and PE respectively. Rechromatography of
eluted spots of NL and PE produced single spots and single
radioactive peaks.
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was added and the tubes were shaken until the PC was uni-
formly dispersed in the liquid phase. Glucose, ATP, coen-
zyme A, and penicillin and streptomycin were then added.
The final glucose concentration was 10 mmoles/liter, the
final ATP concentration was 1 mmole/liter, and the final
coenzyme A concentration was 0.1 mmole/liter. The final
penicillin and streptomycin concentrations were 50 tzg/cc.
All incubations reported subsequently in these studies were
done in the presence of the same additives.8 A washed red
cell suspension in the same serum was then added to pro-
duce a final volume of 5 cc and a final hematocrit of 10%.
Separate tubes were prepared in duplicate for each time
sample studied.
The samples were then incubated for various times at

370C with gentle agitation. After incubation, the cells were
centrifuged to remove the media and then washed three
times with 5 ml of iced saline. Lipids of the media and the
red cells were then extracted and analyzed as described
above.

(b) Release from passively labeled pool. Red cells were
prepared and incubated with phosphatidyl choline labeled
with linoleic acid-14C as described in subsection 4a above.
Following the saline washes, 5 cc of fresh nonradioactive
serum containing the previously noted additives were added
and the cells were reincubated in stoppered flasks at 370C.

3Glucose, ATP, and coenzyme A were added during pas-
sive incorporation studies only to keep conditions analogous
to the active incorporation studies. When these were omitted,
no difference in incorporation of preformed PC was observed.
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At each time period thereafter, the cells and serum were
separated by centrifugation. The cells were then washed
with saline. Lipid extracts were then prepared from both
the cells and the serum and these were analyzed as de-
scribed in Methods, sections 2 and 3.

(c) Active incorporation. 0.5 cc of packed red cells was
incubated in serum at an hematocrit of 10% with 2.0 IACi
of linoleic acid-1-14C bound to human serum albumin. Peni-
cillin, streptomycin, glucose, ATP, and coenzyme A were
added as previously described. Following incubation, the
media were removed by centrifugation and the cells were
washed three times with 5 cc of iced saline. The cells were
then washed four more times with 3-cc aliquots of an iced
1% solution of defatted human albumin in saline in order
to remove surface FA. The lipids of the residual cells were
then extracted, separated, and analyzed as in Methods,
sections 2 and 3.

(d) Release from actively labeled pool. Red cells were
prepared and incubated with linoleic acid-14C as above.
Following the saline and defatted albumin washes, the cells
were resuspended in fresh autologous serum in order to re-
establish a normal surface pool of nonradioactive fatty acids
(10). After a 5 min incubation at 37°C, this serum was re-
moved. An additional 5 cc of the same serum containing
glucose and additives was added and the cells were rein-
cubated in stoppered flasks at 37°C. At each time period
thereafter, the cells were centrifuged and washed and then
analyzed as in Methods, sections 2 and 3. The separated
serum was similarly analyzed.

16 24 32 36

HOURS OF REINCUBATION

FIGURE 1 Disposition of radioactivity in serum lipids after reincubation of
passively labeled cells. Cells were preincubated with preformed linoleic acid-V4C-
labeled phosphatidyl choline. They were then washed in saline and defatted
albumin and reincubated in fresh autologous serum. The serum was extracted
and lipids were isolated by TLC and counted. The radioactivity isolated is
plotted as per cent of cell counts at zero time released to serum. 0 = counts
in serum PC; * = counts in serum free fatty acid. No significant counts were
detected in other serum components (<5% total counts). The points in this
figure and in all subsequent figures represent averages of duplicates. The ranges
are indicated by brackets. See Methods, sections 4a and b and Results, section A
for further details.
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FIGuRE 2 Comparative kinetics of passive incorporation of preformed phosphatidyl
choline and subsequent release to serum. Cells were preincubated in serum with
preformed linoleic acid-14C-labeled PC for 8 hr. Aliquots were taken at various
times and the cell lipids were extracted, analyzed, and counted. These results are in-
dicated by the open circles (0) and the right hand ordinate. The 8 hr sample was

indexed at 100% and the intermediate values are plotted as percentages of this value.
After 8 hr, an aliquot of labeled cells was washed free of media and reincubated in
fresh autologous serum. Aliquots of the reincubation serum were extracted and
counted. These results are indicated by the closed squares (*) and the left hand ordi-
nate. The 8 hr sample was indexed at 100% and the intermediate values are plotted
as percentages of this value. (+) = 50%o level of cumulated incorporation or release.
See Methods, sections 4a and b and Results, section B for further details.

(e) Combined active and passive incorporation and sub-
sequent release. In some experiments cells were preincu-
bated to produce labeled phosphatides derived from both
routes of incorporation as follows. Washed erythrocytes were

incubated passively with preformed palmitic acid-u4C labeled
phosphatidyl choline for 12 hr. The labeled phosphatidyl
choline used here was "natural" because it was derived from
erythrocytes which had been previously incubated with
palmitic acid-"'C as in Materials and Methods, section B-2.
The cells were then washed three times with saline and in-
cubated for 3 hr in fresh serum containing palmitic acid-'H.
Following this second incubation, the cells were washed
with saline and defatted albumin as previously described.
At this stage, the ratio of 'H counts to 14C counts in extracted
aliquots was approximately 3: 1 ('H 34,000 cpm/cc RBC;
'C 11,000 cpm/cc RBC). The surface pool of free fatty acid
was then reconstituted by a 5 min equilibration in autologous
serum. This serum was removed, and the cells were finally
reincubated in fresh serum at 37°C. At various times, cell
extracts and media counts were analyzed as in Methods,
sections 2 and 3.

RESULTS

A. The nature of label release from passively labeled
cells. The release to the serum of fatty acidVC-labeled
PC which had been passively incorporated into erythro-

cytes is shown in Fig. 1. There was only slight release
of free fatty acid. Over 85% of the total counts even-

tually released to the serum were released as intact pre-

formed phosphatides. Release of counts from cells pro-

ceeded continuously during the course of the experiment.
B. The comparative kinetics of passive incorporation

and subsequent release of preformed linoleic acid-14C-
labeled phosphatidyl choline. The time course of the
passive incorporation of the radioactive counts into cells
and their subsequent release from the cells into the re-

incubation serum in incubations with preformed phos-
phatidyl choline-14C is shown in Fig. 2. Expectedly, two

virtually reciprocal curves were produced in these ex-

periments. The 50% incorporation and release times
for these two processes were similar. The half-times for
the slopes of these curves were determined graphically
and found to be 104 hr for uptake (0.66%/hr) and 95 hr
for release (0.75%/hr).

C. Nature of label release from actively labeled cells.
The release of fatty acid actively incorporated into

erythrocyte lipids is shown in Fig. 3. In this experiment,
in comparison to that shown in Fig. 1, the majority of
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counts actively incorporated into PC as linoleic acid was
released as free linoleic acid. There was an increase in

the rate of release of both types of counts towards the
end of the experiment when slight hemolysis (3%) was
detectable. It should be emphasized that in these ex-

periments, as well as in those shown in Fig. 1, defatted
albumin washes were employed before reincubation. Such
washes have previously been shown to remove a super-
ficial red cell free fatty acid pool which is exchangeable
with serum (8).
D. The comparative kinetics of active incorporation

and subsequent release of FA-'4C. The time course of

the incorporation of radioactivity into cell phosphatidyl
choline by the acylase-dependent pathway and its sub-
sequent release is shown in Fig. 4 (Methods, section
4-d). Under these conditions, in comparison to those
shown in Fig. 2, the two curves were not reciprocal.
The 50% incorporation time was achieved considerably
earlier than the 50% release time. The half-times for
these two curves were determined graphically and
found to provide an incorporation ti of 48 hr (1-.4%/hr)
and a release ti of 178 hr (0.38%/hr).

E. The release of radioactivity to serum from the

same cells doubly labeled by both passive and active
routes. In order to be certain that the differences
in the rate of label release described above were due to

differences in metabolic processing of the two types of

30 -
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IN PC 20-
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10-

incorporated phosphatidyl choline, rather than to dif-
ferences in the in vitro procedures performed before
reincubation, double label experiments of the type de-

scribed in Methods, section 4-e were performed. In
these studies, the passively incorporated phosphatidyl
choline fatty acid was labeled with palmitic acid-J4C and
the actively incorporated phosphatidyl choline fatty acid
was labeled with palmitic acid-'H. The results of such
a reincubation are shown in Fig. 5 where it is seen

that the release of passively incorporated counts into the
incubation media was considerably faster than that of

the actively incorporated counts. Similar results, not

shown here, were obtained when the order of preincu-
bations was reversed, i.e., free fatty acid-3H first and

passive phosphatidyl choline-"C second.
F. The cellular disposition of linoleic acid-14C incor-

porated into phosphatidyl choline by both active and pas-
sive routes. The data presented in Fig. 3 suggested an

explanation for the difference in the rate of incorpora-
tion of counts into cells by the active route and their

subsequent release to plasma. If removal of fatty acid

from phosphatide backbone was required before release,
the fatty acid might be reutilized within the cell and

delayed release of fatty acid might be explained. To

study such possible reutilization, the radioactivity within
lipid classes isolated during reincubation in serum

after both active and passive preincubations was estab-

V . .1 . ~I

2 4 6 8 16 24 32 36

HOURS OF REINCUBATION

FIGURE 3 Disposition of radioactivity in serum lipids after reincubation of
actively labeled cells. Cells were preincubated with linoleic acid-14C in serum.

They were then washed with saline and defatted albumin and then reincubatd
in fresh autologous serum. At various times the serum was extracted and lipids
were isolated by TLC and counted. The radioactivity isolated is plotted as per
cent of cell counts in PC at zero time released to serum. 0 = counts in serum
PC; * counts in serum free fatty acid. No significant counts were detected
in other serum components (< 5% total counts). See Methods, sections 4c and
d and Results, section C for further details.
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FIGURE 4 Comparative kinetics of active incorporation of FA into phosphatidyl
choline and subsequent release to serum. Cells were preincubated with linoleic
acid-14C in serum. During this incubation aliquots of cells were extracted and ana-
lyzed by TLC. Counts in PC are indicated by the right hand ordinate and the
open circles (0). The 8 hr sample is indexed at 100%. Values are plotted as per-
centages of this value. After 8 hr an aliquot of the labeled cells was washed
with saline and defatted albumin and reincubated in fresh autologous serum. Ali-
quots of the reincubation serum were extracted and counted. These results are
indicated by the left hand ordinate and the closed squares (E). The 8 hr sample
was indexed at 100% and intermediate values are plotted as percentages of this
value. (+) = 50% level of cumulated incorporation or release. See Methods, sec-
tions 4c and d and Results, section D for further details.

lished. In Fig. 6 A the effect of reincubation of actively
labeled cells in fresh serum is shown. As PC counts fell,
PE counts rose and then began to fall. Cell "neutral
lipid" counts ' slowly rose during this period. These
effects were muted when the reincubation was performed
in heated serum (Fig. 6 B). In both of these experi-
ments, more than 90% of total cell radioactivity was

present in PC, PE, and NL throughout the incubations
and total recovery of radioactivity in serum and cells

during incubation was greater than 95%. Fig. 6 C re-

veals that passively incorporated counts were found in
phosphatidyl choline throughout. In these latter experi-
ments, no significant counts were found at any time in
phosphatidyl ethanolamine or "neutral lipids" and, as

would be expected, there was no difference in cellular
lipid distribution when heated serum was used for the

'This so-called "neutral lipid" (NL) in this chromato-
graphic system is composed of several lipid entities. NL
radioactivity in representative samples subjected to re-

chromatography in two separate systems (27, 28) was found
in four major chromatography zone as follows: (a) cardio-
lipin-phosphatidic acid zone, 45%; (b) free fatty acid zone,
40%; (c) triglyceride zone, 10%; and (d) diglyceride zone,
5%.

reincubation. There was virtually no change in the rate
of release of passively incorporated counts when heated
serum was used (Fig. 6 D). In all of these studies, the
total phosphorus and the distribution of major lipid
classes was unchanged during the duration of the rein-
cubation.

In further experiments, not shown here, the addition
of excess nonradioactive PC to the incubation media in
the passively labeled cells produced a major increase in
the rate of loss of cell phosphatidyl choline labd with
either heated or unheated serum. There was little or no
increase in the rate of phosphatidyl choline loss from
actively labeled cells in either sera.

DISCUSSION

Previous data from others (6, 8) and data from corol-
lary experiments from our laboratory (30) have indi-
cated that the vast majority of phospholipid renewal
in erythrocyte membrane occurs through two pathways:
(a) the active acylation of lysophosphatides and (b)
the passive exchange of preformed phosphatides. In-
corporation of glycerides, glycerol, inorganic phosphorus,
or cytidine diphosphate compounds were all minor in
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comparison to these two major incorporation routes (29,
30). In other studies we have shown that for the active
pathway the delivery of fatty acid from the plasma to
the lysophosphatide acceptors within the cell proceeds
through two discrete precursor pools (10). Approxima-
tions of the magnitude of the active incorporation of
fatty acids into phosphatide were made from measure-
ments of the specific activities of these pools and com-
pared to independent determinations of the magnitude of
passive exchange of preformed phosphatides (6). The
rates of red cell membrane phospholipid fatty acid re-
newal by both the active and passive routes were found
to be approximately equal.
The dynamics and constitution of membrane lipids

depend upon the balance of both incorporation and out-
flow pathways. Our previous studies examined some of
the incorporation pathways for erythrocyte phosphatide
fatty acids (10). The present experiments examined the
outflow and eventual disposition of erythrocyte phos-
phatide fatty acids.
The methods used here are generally similar to those

previously reported (10). It should be stressed, how-
ever, that in these studies all incubations were done in

100

% OF INITIAL

CELL COUNTS
IN PC 90

RELEASED
TO SERUM

the presence of glucose, ATP, coenzyme A, and serum.
The additives provided optimal conditions for energy-
dependent pathways and the serum provided acceptor
sites for exchange and release pathways. In the course
of these studies we found that the addition of ATP and
coenzyme A made very little difference in the extent of
acylation in fresh cells (< 10%) but that these additions
reduced the variation obtained when using cells which
had been washed several times or which had been sub-
jected to long preincubations.
We found two compartments of phosphatidyl choline

in the red cell membrane. One of these was derived from
passive exchange of red cell PC with serum PC, while
the other was derived from active incorporation of fatty
acid into red cell membrane PC. Intact passively ac-
cumulated PC was released by the red cell into serum
at the same rate that it was incorporated (Fig. 2),
whereas actively incorporated PC fatty acid was re-
leased from the cell at a rate slower than its rate of in-
corporation into cell PC (Fig. 4). An alteration in the
rate of release of the actively incorporated fatty acid
radioactivity from the cell was not entirely unexpected
since the radioactive fatty acid was distributed among

HOURS OF REINCUBATION

FIGURE 5 Kinetics of loss of phosphatidyl choline FA from cells both actively
and passively labeled. Cells were passively labeled with preformed natural eryth-
rocyte PC labeled with palmitic acid-14C (Methods, section Bb and 4a). They
were then actively relabeled with palmitic acid-8H (Methods, section 4c). They
were then washed in saline and defatted albumin to remove media and surface
pools of free fatty acid and reincubated in fresh serum (Methods, section 4e).
The serum was then extracted and counted for both isotopes (Methods, sec-
tion 3), as was an aliquot of the original red cells. The cumulated serum counts
were then subtracted from the original cell PC counts to derive the decline
in cell counts. This is presented as the per cent drop in counts present in cell
PC at zero time for each isotope. The closed circles (*) = the results obtained
from the 'H (active) label and the open squares (L1) =the results obtained
from the 14C (passive) label,
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FIGURE 6 Distribution of cellular radioactivity during reincubation after active
or passive labeling. For active labeling, cells were briefly incubated (i hr) with
linoleic acid-j4C in buffer in order to label phosphatidyl choline and to a lesser
extent phosphatidyl ethanolamine and neutral lipids. They were then washed
with saline and defatted albumin to remove the surface pool of free fatty acid.
A normal surface pool was then established by a brief equilibration with serum.

For the passively labeled studies, cells were incubated with high specific activity
preformed phosphatidyl choline in serum for 3 hr. After the labeling, cells
were reincubated in fresh or previously heated serum (560C, i hr). Lipid ex-

tracts of the cells were prepared and total lipid phosphorus was determined.
Lipids were then analyzed by TLC and specific activities of individual lipid
classes determined. There was no significant loss of lipid P in any of the rein-
cubation samples or change in the per cent distribution of the major lipid
classes during the reincubations. More than 90% of total label was contained
in PC, PE, and NL. Total radioactivity recovery during the incubations was

greater than 95%o. All data in Figs. 6 A-D were obtained in experiments using
the same cells and the same sera at the same time. See Methods, section F.
O =counts in PC; X =counts in PE; []=counts in NL; A=active in-
corporation, reincubation in fresh serum; B = active incorporation, reincubation
in heated serum; C = passive incorporation, reincubation in fresh serum; D =
passive incorporation, reincubation in heated serum.

several classes of lipids in addition to PC. The fact that

the rate of release from cells was slower than the rate

of incorporation into PC suggested, among several pos-

sibilities, that this pool of PC fatty acid radioactivity
might empty into other pools where dilution could oc-

cur before its eventual return to serum. Direct evidence

for such a movement of fatty acid within cellular lipids
was gained from the experiments presented in Fig. 6 A

and will be discussed further below.

The data in Figs. 1 and 3 which show that the label

released from actively labeled phosphatidyl choline was

primarily free fatty acid whereas that released from pas-

sively labeled cells was primarily intact phosphatide
supports the concept of a distinct metabolic fate for

these two pools and indicates that there was only mod-

erate mixing between them within the cells.

The data in the double label experiment shown In
Fig. 5 confirms that passively incorporated preformed

phosphatidyl choline fatty acid has a metabolic fate dis-

tinct from actively incorporated phosphatidyl choline
fatty acid. The same cells were labeled by both active

and passive processes which eliminated the possibility

that artifacts of experimental manipulation were re-

sponsible for the different results. It should be empha-

sized that both labeling procedures produced the same

species of phosphatidyl choline: the PC utilized for pas-

sive labeling had been prepared previously in red cells

under conditions identical with those used in final active

labeling; likewise, the same fatty acid was used for both

procedures to eliminate any positional differences within

PL due to differences in fatty acid species. Hence, for

both active and passive incorporation, natural erythro-
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cyte PC was produced which differed only in the iso-
tope label on the fatty acid.

The independence of the actively and passively estab-
lished pools of phosphatidyl choline fatty acid is further
emphasized in Fig. 6 B and D. Here it is apparent that
heat treatment of the serum had little or no effect on the
release of passively labeled phosphatidyl choline whereas
it clearly influenced the actively incorporated label. It is
also noteworthy that no phosphatidyl choline counts were
converted into phosphatidyl ethanolamine or "neutral
lipid" during the course of the passive reincubation.

The finding of a distinction between these two pools
of cellular phosphatidyl choline is in agreement with
the previous observations of Rowe (3) who found evi-

dence for both an easily exchangeable and a more fixed
phosphatide pool in red cell membranes, and with Reed

(5) who has shown using a 'P label that only a portion
of cell phosphatidyl choline appears to be in equilibrium
with serum phosphatidyl choline.

A dynamic movement of actively incorporated fatty
acid between the cellular phospholipids is shown in Fig.
6 A. Here it can be seen that the radioactivity in cellular
phosphatidyl ethanolamine fatty acid and, to a less ex-

tent, in cellular "neutral lipid" fatty acid continued to
rise while phosphatidyl choline radioactivity fell follow-
ing reincubation of labeled cells in fresh nonradioactive
serum. Direct precursor-product relationships between
phosphatidyl choline fatty acid and either of the latter
labeled pools cannot be assumed since all of the com-
pounds were labeled to a variable extent initially and
since all possible sources for ingress of fatty acid into
phosphatidyl ethanolamine and "neutral lipid" from
the reincubation serum are not known. However, it is
reasonable to postulate that considerable fatty acid did
transfer from phosphatidyl choline to phosphatidyl etha-
nolamine and perhaps to neutral lipids before final re-
lease to the serum since, with no change in the per cent
distribution of lipids, phosphatidyl ethanolamine and
"neutral lipid" radioactivity rose and then fell while the
phosphatidyl choline radioactivity continuously fell and
serum radioactivity continuously rose. Furthermore, at
any time period virtually all of the loss of PC counts
can be accounted for by the combined net rise in PE,
NL, and serum counts. Hence, at least some of the fatty
acid released to the serum appears to have passed
through phosphatidyl ethanolamine and a "neutral lipid"
pool. With regard to the mechanism of this fatty acid
transfer we have conducted other experiments in similar
reincubations to rule out specious apparent transfer due
to conversion of labeled PC to PE by base-exchange or
demethylation. These experiments, which will be pre-
sented elsewhere,' indicate that neither of these possi-

Shohet, S. B. 1970. The mechanism of an apparent trans-
fer of fatty acid from phosphatidyl choline to phosphatidyl

PC,p H PE) FA

LPC ~ ~ ~ P

FIGURE 7 Working scheme of phospholipid metabolism in
the mature human erythrocyte. FA = free fatty acid bound
to serum albumin; LPC = lysophosphatidyl choline; F1 =
albumin extractable free fatty acid; F2 = albumin nonex-

tractable neutral lipid; PC1 = phosphatidyl choline - actively
established pool; PC2 = phosphatidyl choline - passively es-
tablished pool; PE = phosphatidyl ethanolamine; NL =
"neutral lipids."

bilities occur and that the phenomenon observed is indeed

the transfer of fatty acid amongst phosphatide classes.

It is of interest that this apparent "transferase" activity
is partially dependent upon the presence of fresh serum.

The "transferase" activity may be present in a heat-labile

serum factor or may be a membrane-bound activity
which is dependent upon labile serum cofactors. In this

regard it should be mentioned that Vogel and Bierman

have observed phospholipase activity in post heparin
human plasma (31).

Finally, it should be emphasized that although a flux

of fatty acid through RBC phosphatides has been ob-

served here, a classical "phospholipase" activity in red

cells has not been defined by these experiments. We

have not been able to passively add specific exogenous
phosphatide to red cells and then detect the release of

its fatty acid or increases in lysophosphatide. Other

laboratories have repeatedly looked for such an effect

(7, 8, 32, 33). With the notable exception of the demon-

stration of a phospholipase for phosphatidyl glycerol
(33), no specific phospholipases have been found. The

presence of this phosphatide has not yet been established
in human erythrocytes although diphosphatidyl glycerol
probably is present in small amounts (34). It is an in-

triguing possibility that the transfer reactions we have

described here may be passing fatty acid on to a final

acceptor which is accessible to attack by a phospholipase
but we have no evidence for this at present. It is also

possible that only endogenous, actively assembled mem-

ethanolamine in human erythrocytes. Submitted for publica-
tion.
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brane phosphatide is situated within the membrane in a

position susceptible to either such internal transferase
reactions or to external serum phospholipase attack.

A schematic summary of a working interpretation of

our results is shown in Fig. 7. In the horizontal series of

steps, a distinct cellular pool of phospholipid (PCi +

PE) is assembled by an ATP-dependent acylation of

lysophosphatide and fatty acid. The fatty acid is de-

livered to the acylation site from serum through a series

of discrete stages (F1 + F2) which have been previously

described (10). The predominent phospholipid found at

this state is PC though PE is also formed. The fatty

acid moiety of the actively produced phosphatidyl cho-

line (PC1) can then be removed and transferred to

other cellular acceptors to produce additional phospha-
tidyl ethanolamine and "neutral lipids." This "trans-
ferase" activity is apparently facilitated by the presence

of unheated autologous serum. Part of the final return of

fatty acid back to serum is derived from these secondary
acceptors.

As shown by the vertical arrows, there is also a passive

equilibration of serum phosphatidyl choline with another
cellular pool of phosphatidyl choline (PC2). During

catabolism, there is only slight mixing between the ac-

tively and passively established pools of phosphatidyl
choline and the phosphatidyl choline introduced into

each can be distinguished by its subsequent metabolic
behavior.
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