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Abstract Ultracentrifugal analysis of the plasma of squirrel
monkeys at various times after the injection of [Me-1*C]choline
revealed the specific activities of lecithin in both high (HDL)
and low (LDL) density lipoproteins to be similar. This was
also true for sphingomyelin.

The exchange of phospholipids in vitro was studied by
incubating unlabeled plasma with labeled LDL and HDL iso-
lated 40 hr after the injection of [Me-*C]choline. Recentrifuga-
tion of plasma immediately after the addition of either “C-
labeled LDL or HDL demonstrated that significant exchanges of
both lecithin and sphingomyelin had occurred. In further
studies, C-labeled LDL or HDL were incubated with plasma
and the low density lipoproteins were rapidly isolated by
precipitation with heparin-Mn**. Complete equilibration of
lecithin and sphingomyelin between LDL and HDL was
attained after 4 and 5 hr, respectively. The fractional ex-
change rates for lecithin and sphingomyelin of LDL to HDL
were 0.60 hr~! and 0.45 hr~%. Corresponding values for HDL
to LDL were 0.51 hr~' and 0.53 hr~'. Inhibition of plasma
lecithin : cholesterol acyltransferase reduced the exchange of
sphingomyelin but had no effect on lecithin exchange. The
rates of exchange of four lecithin subfractions of different
unsaturation between LDL and HDL were the same.

Supplementary key words lecithin sphingomyelin
lysolecithin lecithin:cholesterol acyltransferase lecithin
subfractions

ALTHOUGH earlier studies have demonstrated an in
vitro exchange between the total 3%P-labeled phos-
pholipids of human (1-3) and rabbit (4) a- and B-lipo-
proteins, little quantitative information about the rates
of exchange of individual phospholipids between the
major lipoproteins is available. Minari and Zilversmit
(5) observed an exchange of **P-labeled phospholipids
between dog chylomicrons and serum; the rates of ex-
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change of sphingomyelin and lysolecithin, expressed as a
percentage of their initial specific activities, were some-
what faster than those for lecithin. In quantitative terms,
however, the exchange of lecithin was considerably
greater.

Similar studies have also revealed an analogous ex-
change reaction between the phospholipids of plasma
lipoproteins and those of isolated erythrocytes (6-9),
mitochondria (10, 11), and microsomes (12), although in
these cases both the relative and absolute exchange
rates of lecithin exceeded those of sphingomyelin. The
exchange of lecithin between plasma HDL and brain
tissue has also been proposed (13) to explain the low
linoleate content of this lipid in cerebrospinal fluid.

In the present study, the in vivo turnover and in
vitro rates of exchange of the lecithin and sphingomyelin
constituents of plasma lipoproteins from squirrel monkeys
have been examined. The influence of the plasma
lecithin : cholesterol acyltransferase (LCAT) enzyme on
the exchange of lipoprotein phospholipids in vitro was
also studied. In view of the known heterogeneity of
plasma lecithins (14, 15), the exchange rates of four
principal lecithin species, differing in degree of un-
saturation, between low and high density lipoproteins
were also determined.

MATERIALS AND METHODS

Isolation of labeled plasma lipoproteins

Sexually mature female squirrel monkeys (Saimiri
sciureus) maintained on a semipurified diet (16) were

Abbreviations: VLDL, very low density lipoprotein(s); LDL,
low density lipoprotein(s); HDL, high density lipoprotein(s);
LCAT, lecithin:cholesterol acyltransferase; PCMPS, sodium
p-chloromercuriphenyl sulfonate; TLC, thin-layer chromatog-
raphy.
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injected intraperitoneally with either 100 or 150 uCi
of [Me-"C]choline chloride (specific activity 54 or 61
mCi/mmole, Amersham/Searle Corp.) in 0.5 ml of
0.9% NaCl. For studies on the in vivo turnover of plasma
phospholipids, serial samples of 2.5 ml of blood were
withdrawn from the femoral vein into heparinized
syringes, and the plasma and cells were separated by
centrifugation at 2,000 g for 15 min. LCAT was in-
hibited by adding sodium p-chloromercuriphenyl sul-
fonate (PCMPS) to a final concentration of 0.002 M,
which was maintained throughout the ultracentrifugal
separation of plasma.

Control experiments, in which the esterification of
[26-4C]cholesterol was determined (17, 18) in both the
presence and absence of 0.002 M PCMPS, demonstrated
that addition of the latter inhibited plasma LCAT
activity by a mean of 97.8%,.

When plasma lipoproteins were to be isolated for
subsequent in vitro studies, blood was withdrawn 40 hr
after the injection of [Me-*C]choline and the “C-labeled
plasma was mixed with unlabeled plasma from similar
animals; the final volume was 11.0 ml. Lipoproteins
were isolated in the 50 rotor of a Spinco model L ultra-
centrifuge operated at 15°C. After the plasma had been
overlaid with d 1.006 NaCl, chylomicrons were isolated by
ultracentrifugation for 1 hr at 30,000 g (avg). Very low
density lipoproteins (VLDL) were isolated from the
infranatant fraction by further centrifugation for 16 hr at
122,000 g (avg). After the removal of VLDL, the density
of the infranatant fraction was adjusted to 1.063 by the
addition of solid KBr, and low density lipoproteins
(LDL) were separated by centrifugation for 20 hr at
122,000 g (avg). The infranatant fraction was finally
adjusted to a density of 1.21 with solid KBr, and high
density lipoproteins (HDL) were isolated by centrifuga-
tion at 122,000 g (avg) for 40 hr. In all cases, resolved
lipoprotein fractions were removed from the top of the
centrifuge tubes after the latter had been cut with a tube
slicer.

Before the exchange studies, LDL and HDL were
dialyzed overnight against 200 vol of Tris buffer (0.005
M, pH 7.4)-0.001 vm EDTA. Whereas LDL was stored at
4°C for 2 days before incubation, samples of HDL were
utilized immediately.

Incubation

Aliquots of the [“C]phospholipid-labeled LDL or
HDL (usually 2.0 ml) were added to 5.0 ml of fresh, un-
labeled plasma from similar animals that had been
fasted overnight. After mixing, the samples were in-
cubated at 37°C in a metabolic shaker. Serial samples
were then withdrawn at different times and diluted with
2.0 ml of water, and the lipoproteins were separated by

heparin precipitation. Further details of the individual
experiments are given in the legends to the figures.

Separation of lipoproteins from
the incubation media

Preliminary work (see Results) showed that a con-
siderable exchange of phospholipids occurred during the
isolation of plasma lipoproteins by ultracentrifugation.
Previous work (19) has demonstrated that the addition of
heparin and Mn?* to human serum results in the selec-
tive precipitation of chylomicrons, VLDL, and LDL
and that this method offers a means of rapidly separating
these lipoproteins from those of higher density. The
validity of this method for the plasma of nonhuman
primates was checked by adding 50 ul of 5%, heparin
(170 USP units/mg; Sigma Chemical Co., St. Louis,
Mo.) and 50 ul of 1 M MnCl, solution per ml of plasma.
The precipitate, which sedimented at 4,000 g for 20 min,
was washed with 1 ml of heparin (0.25%,)-Mn?** (0.05
M) and redissolved in 1 ml of 19, NaCl-NaHCO;
solution. The redissolved precipitate and supernatant
fractions were then electrophoresed on both Whatman
3MM paper and cellulose acetate strips (Sepraphore
111, Gelman Instrument Co., Ann Arbor, Mich.) with a
veronal buffer (I 0.05, pH 8.6). The equivalent of 0.3 ml
and 10-15 ul of plasma was normally applied to the
paper and to the cellulose acetate strips, respectively.
The presence of lipids in HDL and LDL could be
detected in the equivalent of 8 ul and 5 ul of plasma,
respectively, by paper electrophoresis, and in 1-2 ul by
electrophoresis on cellulose acetate. Protein was de-
tectable in 0.5 ul of plasma by the latter technique.
Subsequent staining of the strips for protein with Ponceau
S (20) and for lipid with oil red O (21) revealed that
the heparin precipitate contained only LDL with 8
mobility. The supernatant fraction contained a-lipo-
protein (HDL), but the lack of any low density g-lipo-
proteins demonstrated that precipitation of the latter
was complete. These findings were also verified with
lipoproteins purified by ultracentrifugation.

For the routine separation of lipoproteins from the in-
cubation medium, 50 ul of 59, heparin and 50 ul of 1 M
MnCl; per ml of diluted plasma were added, and the
precipitated LDL were sedimented at 4,000 g for 20 min.
The precipitate was washed with 1 mi of heparin
(0.25%)~Mn?+ (0.05 M) prior to extraction. Dilution of
plasma with 4 vol of water did not influence the precipita-
tion of low density lipoproteins by the heparin-Mn?+
method.

Although the addition of heparin—Mn?®* also precipi-
tates chylomicrons and VLDL from plasma (19), ultra-
centrifugal analysis of plasma from fasting squirrel and
rhesus monkeys revealed that in both cases these two
fractions together constituted less than 1.5%, of the
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total plasma phospholipids. Hence, although chylo-
microns and VLDL are included in the heparin-Mn?+*-
precipitated lipoproteins, their influence on total phos-
pholipid exchange, relative to that of LDL, is sufficiently
slight to be disregarded. Similarly, the effects of any
possible differences in exchange between the small
quantities of lecithin and sphingomyelin present in the d
> 1.21 fraction on ultracentrifugation (less than 19)
and the much greater amounts present in HDL were
considered insignificant. The exchange of lecithin and
sphingomyelin between the heparin—-Mn?*-precipitable
and nonprecipitable lipoproteins was, therefore, taken
as an index of exchange occurring between LDL and
HDL. This rationale was not, however, valid for lyso-
lecithin, most of which sedimented with the d > 1.21
fraction on ultracentrifugation.

Analysis of phospholipids and assay of radioactivity

Lipids were extracted from lipoproteins with chloro-
form-methanol 2:1 (v/v) (22) in a ground glass ho-
mogenizer, and the total lipid extract was stored in chloro-
form. For the analysis of individual phospholipids, the
total lipids were separated on 0.25-mm layers of washed
(23) silica gel H with the solvent system chloroform—
methanol-glacial acetic acid-water 75:55:12:6 (by
volume). Radioactivity was determined by previously
described methods (24, 25), except that for assaying
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[“C]lysolecithin, 109, BBS3 (Beckman Instruments,
Inc., Palo Alto, Calif.) was added to the scintillation
fluid as a solubilizer. Another plate was then subjected
to controlled charring (24, 25) and was scanned on a
Farrand VIS-UV thin-layer spectrophotometer as
previously described (26).

After elution with methanol, lecithin samples were
further fractionated according to their degree of un-
saturation by silver nitrate TLC (27). Individual bands
were visualized under UV light after the plate had been
sprayed with scintillation fluid (17). Four principal
components, corresponding to mono-, di-, tetra-, and
penta- + hexaenoic lecithins, were resolved, each band
being eluted (27) and assayed for radioactivity.

RESULTS

In vivo turnover of lecithin and
sphingomyelin in plasma

As Fig. 1 illustrates, [Me-**C]choline injected intra-
peritoneally was incorporated into the lecithin of ultra-
centrifugally-isolated lipoproteins considerably more
rapidly than into sphingomyelin, maximum specific
activities being evident after 8 and 24 hr, respectively.
The similar specific activity curves observed for the
lecithin and sphingomyelin constituents of LDL and
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Fic. 1. Specific activities of lecithin (LEC) and sphingomyelin (SPH) in the plasma lipoproteins of
squirrel monkeys after injection of 100 pCi of [Me-"*C]choline. Plasma lipoproteins were separated by
ultracentrifugation. Each value represents the mean of three separate experiments. sgm for the lecithin
and sphingomyelin of LDL and HDL were 2-119%, and for chylomicrons (CHYL) 5-16%, of the mean values.
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HDL, which are higher than those of chylomicrons,
indicate that the turnover of these lipids in LDL and
HDL is similar. Another explanation for these results,
however, is that a rapid exchange of phospholipids
occurs between LDL and HDL and thereby equalizes
any differences in specific activity that originally existed
between them. Further experiments were, therefore,
conducted to evaluate the extent of phospholipid ex-
change between lipoproteins during both the in vitro
incubation and the ultracentrifugation of plasma.

Exchange of phospholipids during
ultracentrifugation of plasma

The results of experiments in which squirrel monkey
plasma was centrifuged immediately after the addition
of ["*C]phospholipid-labeled LDL or HDL are shown
in Table 1. In either case, significant radioactivity was
recovered in both the lecithin and sphingomyelin con-
stituents of chylomicrons and LDL or HDL. Although
no net transfer of phospholipids occurred between LDL
and HDL, an increase of 9-19%, was noted in the phos-
pholipids of the chylomicron fraction. However, because
of its small size, the chylomicron fraction was not re-
washed after isolation, and the observed increase in
phospholipid probably reflects a nonspecific binding of
other lipoproteins. At most, this contamination may
account for up to 35% of the radioactivity present in
chylomicrons; the rest presumably was derived from
exchange reactions.

In similar studies, plasma, containing 0.002 v PCMPS
to inhibit LCAT, was incubated for 24 hr at 37°C with
[“C]lphospholipid-labeled LDL or HDIL before ultra-
centrifugation. In both cases, complete equilibration of
lecithin between chylomicrons, LDL, and HDL was
normally obtained, the exchange of sphingomyelin
varying from 85 to 100%,.

TABLE 1. Normalized phospholipid specific activities
of lipoprotein fractions isolated by ultracentrifugation
of plasma immediately after the addition of
[“C]phospholipid-labeled LDL or HDL

Relative Specific Activity

Chylomicrons LDL HDL

Sample Lec Sph Lec Sph Lec Sph

Plasma + “C- 73.0 81.0 100 100 42.7 26.0
labeled LDL  +£3.5 4.0 +5.3 +1.7

Plasma + 4C- 74.2 539 494 30.6 100 100
labeled HDL. +£3.7 4+1.4 £1.2 +1.4

In each experiment, “C-labeled LDL (sphingomyelin 110-145
nmoles, lecithin 330-430 nmoles) or HDL (sphingomyelin 125-160
nmoles, lecithin 780-1000 nmoles) was added to plasma from
normal squirrel monkeys (phospholipid content: chylomicrons,
sphingomyelin 40 nmoles, lecithin 250 nioles; LDL, sphingo-
myelin 150 nmoles, lecithin 440 nmoles; and HDL, sphingo-
myelin 200 nmoles, lecithin 1250 nmoles). Values are the means
= sEM of four experiments.

In vitro exchange of phospholipids between
plasma lipoproteins

So that the exchange of phospholipids between LDL
and HDL could be further evaluated, [“C]choline—
phospholipid-labeled lipoproteins were incubated with
plasma from fasting squirrel monkeys. Serial samples
were withdrawn and the low and high density lipopro-
teins were rapidly separated by precipitation of the
former with heparin-Mn?+. Analysis of zero-time con-
trols, in which LDL were precipitated immediately
after adding either ¥C-labeled LDL or HDL to plasma,
demonstrated that, though *C-labeled LDL was pure,
2-39, of the radioactivity present in “C-labeled HDL
was precipitated by heparin-Mn?*. Appropriate cor-
rections were made.
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Fic. 2. Exchange of ["“C]lecithin between LDL and HDL. 2
ml of [4C]lecithin-labeled LDL (lecithin content 145 nmoles/ml)
was incubated with 5.0 ml of plasma (lecithin content of LDL 240
nmoles and of HDL 710 nmoles/ml of plasma), and serial samples
of 0.6 ml were withdrawn as indicated. In parallel incubations,
0:002 M PCMPS was added to inhibit LCAT. Normalized-specific
activity refers to the specific activity of [“C]lecithin in the lipo-
proteins expressed relative to the specific activity of [“C]lecithin
in LDL at time zero being 100. The specific activity of HDL
lecithin at time zero is 0. W ®, LDL [“C]llecithin of normal
plasma; @——®, LDL [*“C]lecithin with 0.002 » PCMPS added;
O—0, HDL [*Cllecithin of normal plasma; 0———0O, HDL
[“C]lecithin with 0.002 M PCMPS added.

As Figs. 2 and 3 illustrate, both the lecithin and
sphingomyelin constituents of originally labeled LDL
were exchanged, and complete equilibration was evident
after 4 and 5 hr, respectively. Although not affecting
the initial exchange rates, the inhibition of plasma LCAT
by 0.002 M PCMPS reduced the total exchangeable
sphingomyelin pool by 12-18%,. Under these con-
ditions complete equilibration of lipoprotein sphingo-
myelin was not reached, even after 23 hr of incubation.
In contrast, lecithin exchange appeared unaffected by
LCAT inhibition. Fractional exchange rates were
calculated from the initial slopes of the die-away curves
using the equation (28):
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1
—_— = 1.44l1/2

2

where: K, = fractional turnover rate, and
ty2 = half-life of [“C]lecithin or [“C]Jsphingo-
myelin in the originally labeled lipopro-
tein.

Respective values for the lecithin and sphingomyelin of
LDL were 0.60 hr—! and 0.45 hr—.

Results from analogous studies on the exchange of
[“Cllecithin and [“C]sphingomyelin between labeled
HDL and plasma LDL are shown in Figs. 4 and 5.
Although isotopic equilibrium of both phospholipids
between HDL and LDL was again attained after about
4 hr, the inhibition of LCAT caused only a 5%, reduction
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Fic. 3. Exchange of [“C]Jsphingomyelin between LDL and
HDL. 2 m! of [“C]sphingomyelin-labeled LDL (sphingomyelin
content 34 nmoles/ml) was incubated with 5.0 ml of plasma
(sphingomyelin content of LDL 75 nmoles and of HDL 120
nmoles/ml of plasma), and serial samples of 0.6 ml were withdrawn
as indicated. In parallel incubations, 0.002 M PCMPS was added
to inhibit LCAT. Normalized specific activity refers to the specific
activity of [*C]sphingomyelin in the lipoproteins expressed rela-
tive to the specific activity of [“Clsphingomyelin in LDL at time
zera being 100. The specific activity of HDL sphingomyelin at
time zero is 0. O 0, LDL [“C]sphingomyelin of normal
plasma; @- —-@, LDL [“C]sphingomyelin with 0.002 » PCMPS
added; O——0O, HDL [“C]Jsphingomyelin of normal plasma;
A---~-A, HDL {*C]sphingomyelin with 0.002 M PCMPS added.
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Fic. 4. Exchange of [“Cllecithin between HDL and LDL. 2
ml of [*C]lecithin-labeled HDL (lecithin content 410 nmoles)
was incubated with 5.0 ml of plasma (lecithin content of LDL
240 nmoles and of HDL 710 nmoles/ml of plasma), and serial
samples of 0.6 ml were withdrawn as indicated. In parallel in-
cubations, 0.002 M PCMPS was added to inhibit LCAT. Nor-
malized specific activity refers to the specific activity of [“C]leci-
thin in the lipoproteins expressed relative to the specific activity
of [“Cllecithin in HDL at time zero being 100. The specific ac-
tivity of LDL lecithin at time zero is 0. @=——m, HDL [“C]-
lecithin of normal plasma; @ ®, HDL [“Cl]lecithin with
0.002 M PCMPS added; O——0, LDL [¥C]lecithin of normal
plasma; O0——~0, LDL [“Cllecithin with 0.002 v PCMPS added.

in the exchangeable sphingomyelin pool. Fractional
exchange rates of lecithin and sphingomyelin from
HDL to LDL were 0.51 hr=* and 0.53 hr~%, respectively.

In these experiments, it was also noted that the
specific activities of [“Cllysolecithin in the heparin-
precipitable and nonprecipitable lipoproteins attained
equilibrium 30~60 min after the addition of either
labeled LDL or HDL. Although this equilibration
clearly demonstrates the lysolecithin constituents of
both LDL and HDL to be capable of exchange, the role
of albumin, to which the majority of plasma lysolecithin
is normally bound (29, 30), in this exchange process is
unknown.

Exchange of lecithin subclasses between
lipoproteins

In view of the known heterogeneity of plasma lecithins
(14, 15), we investigated the rates of exchange of four
major subfractions, separated by silver nitrate TLC, be-
tween LDL and HDL. 40 hr after the injection of
[Me-*Clcholine into squirrel monkeys, radioactivity
in the lecithins of both LDL and HDL was distributed
as follows: monoenes 22.29,, dienes 38.29,, tetraenes
32.2%, and pentaenes + hexaenes 7.4%, (mean values).
Further analysis of serial samples of LDL and HDL,
separated after incubation times of up to 4 hr from tubes
containing either [“C]lecithin-labeled LDL or HDL and
unlabeled plasma, failed to reveal any changes in the
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Fic. 5. Exchange of [“CJsphingomyelin between HDL and LDL.
2 ml of [¥C]sphingomyelin-labeled HDL (sphingomyelin content
54 nmoles/ml) was incubated with 5.0 ml of plasma (sphingo-
myelin content of LDL 75 nmoles and of HDL 120 nmoles/ml of
plasma), and serial samples of 0.6 ml were withdrawn as in-
dicated. In parallel incubations, 0.002 M PCMPS was added to
inhibit LCAT. Normalized specific activity refers to the specific
activity of [“C]sphingomyelin in the lipoproteins expressed rela-
tive to the specific activity of [“C]sphingomyelin in HDL at
time zero being 100. The specific activity of LDL sphingomyelin
at time zero is 0. @——m, HDL [“C]sphingomyelin of normal
plasma; @- - -@, HDL [*C]sphingomyelin with 0.002 » PCMPS
added ; O—O, LDL [4C]sphingomyelin of normal plasma; O- - -[J,
LDL [“C]sphingomyelin with 0.002 M PCMPS added.

relative distribution of *C within lecithin subfractions,
despite marked changes in total lecithin specific activities
(Figs. 2 and 4). Although small sample sizes prevented us
from determining the specific activities of individual leci-
thin subfractions, the fatty acid composition of lecithin in
LDL and HDL was similar and remained essentially
unchanged after the incubation of plasma at 37°C for
4 hr. Under these conditions, therefore, values for the
relative distribution of radioactivity in lecithin sub-
fractions would be equivalent to those of specific activity.
Since the former remained constant throughout, the

rates of exchange of lecithins of different unsaturation
between LDL and HDL are the same.

Effects of temperature on exchange

The exchange of [“Cllecithin and of [“Clsphingo-
myelin between plasma lipoproteins was studied over the
temperature range 4-48°C. As Fig. 6 illustrates, the
exchange of both phospholipids between labeled LDL
and plasma HDL, although being virtually abolished at
4°C, increased rapidly as the incubation temperature
rose above 25-30°C. However, an appreciable exchange
of both [“Cllecithin and [“C]sphingomyelin took place
at 15°C, a temperature at which ultracentrifugal separa-
tion of plasma lipoproteins is frequently performed. The
results of parallel incubations, in which [“C]phos-

of Specific Activities HDL:LDL

Ratio
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0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48

Incubation Temperature °C

Fig. 6. The effects of temperature on the exchange of [4C]-
lecithin (Lec) and [“C]Jsphingomyelin (Sph) between LDL and
HDL. 0.4 m! of LDL, containing 15 nmoles of [“C]sphingo-
myelin and 58 nmoles of [“C]lecithin, was incubated with 1.1
ml of plasma (sphingomyelin content of LDL and HDL 84 and
132 nmoles and lecithin content 265 and 780 nmoles, respectively)
at the temperatures indicated. 0.5-ml samples were withdrawn
after 2 and 4 hr.

pholipid-labeled HDL was added to plasma (results not
shown), were similar to those shown in Fig. 6.

Influence of lipoprotein concentrations on
phospholipid exchange

We also studied how variations in the quantity of
[C]phospholipid-labeled lipoproteins, added to a
constant volume of plasma, influenced the exchange of
phospholipids between LDL and HDL. After various
amounts of LDL, containing 2-24 nmoles of [“C]-
sphingomyelin and 7-100 nmoles of [*Cllecithin, had
been incubated for 2 hr with 0.4 ml of plasma (lipid
content of LDL, 31 nmoles of sphingomyelin and 98
nmoles of lecithin, and of HDL, 47 nmoles of sphingo-
myelin and 280 nmoles of lecithin), the ratios of specific
activities of lecithin and sphingomyelin in HDL to those
in LDL showed only a 39, decrease within the added
substrate range. Similar experiments, in which the
phospholipid content of added HDL varied from 2 to 38
nmoles of [YCJsphingomyelin and from 20 to 290 nmoles
of [“CJlecithin, revealed a 69, decrease in the ratios of
the specific activities of lecithin in LDL to those in HDL,
although the corresponding ratios for sphingomyelin were
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slightly larger, falling from a value of 0.56 with 2 nmoles
of [“C]sphingomyelin to 0.46 with 38 nmoles of [“C]-
sphingomyelin. These results reveal that, at the con-
centrations of lipoproteins used throughout this study,
the fractional exchange rates remained fairly constant
and that the number of lipoprotein-lipoprotein “colli-
sions” was not a limiting factor.

DISCUSSION

The results presented in this paper clearly demonstrate
the existence of a rapid in vitro exchange between both
the lecithin and sphingomyelin components of plasma
LDL and HDL. Using heparin-Mn?* to rapidly pre-
cipitate plasma LDL, we were able to circumvent the
inherent problems associated with the exchange of
phospholipids during the ultracentrifugal separation of
plasma. As this study and that of Eder (1) have shown,
such exchange is appreciable, whereas it was undetect-
able when the lipoproteins were separated by heparin~
Mn?* precipitation. Nevertheless, it is worth noting
that in employing this method of separation, we did not
consider any possible differences in exchange rates
between the small quantities of lecithin and sphingo-
myelin present in the chylomicron 4 VLDL fraction
and those in LDL. The possible differences in ex-
change between the small amounts of lecithin and sphin-
gomyelin in the d > 1.21 fraction and those of HDL
were also neglected.

Several investigators (1-4) have studied the exchange
of phospholipids between plasma lipoproteins, but the
results are conflicting. In the present study we observed
that isotopic equilibration of both lecithin and sphingo-
myelin between plasma LDL and HDL was attained in
4-5 hr. A similar value was obtained by Kunkel and
Bearn (3) for the exchange of total *2P-labeled phospho-
lipids between human a- and $-lipoproteins, although in
analogous studies (1, 2) isotopic equilibration was not
evident even after 20 hr of incubation. Nevertheless,
results from this and other (1-4) turnover studies strongly
favor the theory that under in vivo conditions phospho-
lipids are rapidly exchanged between lipoproteins.

The fact that the rates of exchange of lecithins of
different unsaturation between LDL and HDL were
the same is in accordance with the fact that the fatty
acid compositions of lecithins from both lipoproteins are
similar. Studies by Wirtz, van Golde, and van Deenen
(31) also have failed to reveal any differences in the
rates of exchange of lecithin subclasses between rat liver
microsomes and mitochondria incubated in the presence
of the 105,000 g supernatant fraction. In the absence of a
supernatant fraction, however, species containing ara-
chidonateappeared tobe lessreadily exchanged. Although
this 105,000 g supernatant fraction or a purified pH 5.1
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supernatant fraction derived from it has been shown to
stimulate the exchange of phospholipids between plasma
and both mitochondria (11) and microsomes (12), it is
not known whether the active protein (11, 32) is nor-
mally present in plasma or whether the addition of the
pH 5.1 supernatant fraction also enhances the exchange
of phospholipids between individual plasma lipoproteins.

Recent work has indicated that the phospholipids of
human HDL will bind to both of the major peptides of
HDL (33), although the association of these lipids with
the carboxy-terminal glutamine (R—Gln) peptide ap-
pears to be stronger than that occurring with the car-
boxy-terminal threonine (R~Thr) peptide (34). Both of
these peptides, however, appear to be absent from LDL
(35). Thus, although at least some of the peptide com-
ponents of lipoproteins appear capable of exchange
(36, 37), the possibility of exchange of phospholipid-
peptide complexes between HDIL and LDL is unlikely.
The theory of a “collision complex,” in which the mag-
nitude of exchange is governed by the diffusion of the
phospholipids in the complex, seems more plausible,
although the participation of a protein carrier cannot be
discarded.

Although the inhibition of plasma LCAT by 0.002 m
PCMPS did not affect lecithin exchange, it reduced the
total exchangeable sphingomyelin pool from 5 to 18%,.
These observations are compatible with the theory that
utilization of HDL lecithin by LCAT (18, 38, 39)
unmasks additional sphingomyelin binding sites not
previously exposed to the lipoprotein surface. LCAT
activity may also be associated with a weakening of the
hydrophobic forces normally binding sphingomyelin
in the lipoprotein complex.

We conclude that under our in vitro conditions,
which closely resemble conditions in vivo, lecithin and
sphingomyelin are both exchanged rapidly between the
low and high density lipoproteins of squirrel monkey
plasma. Such an exchange of phospholipids may be
responsible for the apparently similar turnover times
observed in vivo.
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