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Abstract Incubation of unilamellar vesicles of egg phospha-
tidylcholine (PC) in human plasma results in rapid transfer of
phospholipid into high density lipoproteins (HDL). A similar
but much slower transfer occurs upon incubation of PC ves-
icles with centrifugally isolated HDL. Experiments were con-
ducted to characterize a plasma factor that might facilitate PC
transfer into HDL. Addition of the d > 1.21 g/ml fraction of
plasma to isolated HDL caused a marked increase in the rate
of transfer of PC from vesicles to HDL. Fractionation of
plasma by vertical rotor density gradient ultracentrifugation
revealed that the factor that facilitated transfer of PC into
HDL resided in the density 1.20-1.26 g/ml fraction, asso-
ciated with a lipoprotein particle of apparent Stokes’ diameter
10.2 nm. This fraction caused facilitated transfer of PC mass
from vesicles into HDL3, resulting in formation of larger, less
dense “HDL,, -like particles. A partially purified preparation
of phospholipid transfer activity was obtained from the d
1.20~1.26 g/ml fraction by a sequence of phenyl-Sepharose,
heparin-Sepharose, and carboxymethylcellulose chromatog-
raphy. The most purified fraction facilitated transfer of 4 ug
of *C-labeled PC/ug protein per 60 min and also promoted
transfer of radioactive cholesteryl esters from HDL to LDL.EE
The results suggest that during lipoprotein metabolism the
insertion of PC molecules into HDL may be facilitated by a
plasma lipid transfer protein.—Tall, A. R., L. R. Forester,
and G. L. Bongiovanni. Facilitation of phosphatidyicholine
transfer into high density lipoproteins by an apolipoprotein
in the 1.20-1.26 g/ml fraction of plasma. J. Lipid Res. 1983.
24: 277-289.
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During lipolysis of the triglyceride-transporting -
poproteins, chylomicrons and very low density lipopro-
teins, there is rapid transfer of phosphatidylcholine into
plasma high density lipoproteins (HDL) (1-3). This pro-
cess can be simulated in vitro by incubation of phos-
pholipid liposomes with HDL or with plasma (4). For
both isolated HDL and plasma, the major mechanism
of phospholipid uptake by HDL appears to be insertion
of phospholipid molecules into pre-existing spherical
HDL particles (4, 5). However, during a 4-hr incuba-
tion, the uptake of phospholipid by isolated HDL was

only about one-third that of HDL in whole plasma (4).
The ability of the plasma lipoprotein fraction to incor-
porate phospholipid into HDL was reduced in propor-
tion to the period of preparative ultracentrifugation,
suggesting centrifugal separation from HDL of a factor
that promotes phospholipid uptake (4). In an attempt
to isolate such a factor, we have tested various plasma
fractions for their ability to enhance phospholipid up-
take by centrifugally isolated HDL. Following our initial
identification and characterization of phospholipid
transfer activity in the d 1.20-1.26 g/ml fraction, we
found this activity could be further purified by a scheme
based on that described by Pattnaik and Zilversmit (6)
for purification of cholesteryl ester exchange protein.
The most purified material stimulated mass transfer of
PC from vesicles into HDL, as well as transfer of ra-
dioactive cholesteryl esters from HDL to LDL.

MATERIALS AND METHODS

Materials

HDL was prepared from plasma of fasting donors by
centrifugation at 40,000 rpm and 5°C in a Beckman
40.3 rotor, for 24 hrat d 1.063 g/ml and 36 hr at 1.21
g/ml. The d > 1.21 g/ml fraction was obtained from
the bottom 2 ml of the centrifuge tubes. The super-
natant HDL was removed and centrifuged for a further
36 hr through d 1.19 g/ml solution. HDL containing
[*H]cholesteryl esters was prepared by the procedure
of Thm et al. (7), using partially purified lec-
ithin:cholesterol acyltransferase; radioactive cholesterol
was removed from the HDL by incubation with an ex-
cess of LDL. As determined by thin-layer chromatog-
raphy, 96% of *H radioactivity was in cholesteryl esters

Abbreviations: PC, phosphatidylcholine; HDL, high density lipo-
proteins.
! To whom reprint requests should be addressed.
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and 4% in cholesterol. The specific activity of choles-
teryl esters was 206,000 dpm/mg. Phosphatidylcholine
was prepared from egg yolks by the method of Singleton
(8) and purified by silicic acid chromatography. The
phosphatidylcholine was eluted in chloroform-metha-
nol-water 65:25:4 (v/v/v) and found to be >99% pure,
as judged by thin-layer chromatography. Phosphatidyl-
choline (L-a-1-palmitoyl-2-linoleoyl-{linoleoyl-1-'*C})
was purchased from New England Nuclear, mixed with
egg phosphatidylcholine to give a specific activity of
approximately 43,000 dpm/mg, and lyophilized from
cyclohexane. The lyophilized phosphatidylcholine was
taken up in 5.0 ml of 0.15 M Tris-phosphate, 0.01%
NaNj, pH 8.0 (buffer A), and sonicated for 30-45 min
in a water-cooled cell at 5-10°C. The sonicated mixture
was centrifuged to remove Ti particles and then chro-
matographed on a 40 X 2.5 cm column of Sepharose
CL-4B. Small unilamellar vesicles were obtained from
the included volume peak and their specific activity was
determined by liquid scintillation counting, after ex-
traction (9) and phosphorus assay (10). The specific ac-
tivity was found to be identical to the stock phosphati-
dylcholine. Vesicles were stored at 4°C and used within
5 days.

Incubations

A standardized assay procedure was used to deter-
mine transfer of phosphatidylcholine into HDL. Var-
ious fractions and HDL were dialyzed into buffer A.
The incubations contained 0.25-1.0 mg of phosphati-
dylcholine vesicles (15-60,000 cpm) and the fraction to
be studied, with or without HDL (0.125-0.25 mg of
protein), diluted to a final volume of 4.0 ml with buffer
A. Incubation mixtures were prepared in Pyrex test
tubes immersed in ice, with addition of components in
order: the fraction, HDL, diluent, vesicles. The mix-
tures were vortexed for 15 sec, then incubated for 60—
120 min at 37°C in a metabolic shaker. Incubations
were stopped by immersion of test tubes in ice and the
mixtures were transferred to pre-chilled polyallomer
tubes containing NaBr solution to give a final solution
density of 1.063 g/ml. The tubes were centrifuged at
10°C for 14-16 hr at 36,000 rpm. From each tube the
bottom 2.8 ml was taken for liquid scintillation count-
ing. Prolongation of centrifugation time to 24 hr did
not result in further transfer of PC radioactivity into
thed > 1.063 g/ml fraction. When fractions at different
stages of purity were assayed for PC transfer activity,
recentrifugation of the d > 1.063 g/ml fraction at 1.21
g/ml resulted in >95% of radioactivity in the top 2.8
ml of the centrifuge tube, showing that for all prepa-
rations the assay was measuring transfer of PC radio-
activity into the HDL density range.

278 Journal of Lipid Research Volume 24, 1983

Vertical rotor ultracentrifugation

In initial experiments the distribution of phospho-
lipid transfer activity was determined by density gra-
dient ultracentrifugation of plasma in a Sorvall TV865B
vertical rotor. Subsequently, in order to prepare larger
amounts of material, the TV850 rotor was used. Ten
m] of plasma was raised to density 1.37 g/ml by addition
of solid NaBr and placed in the bottom of each centri-
fuge tube. This was overlaid with 5 ml of plasma at 1.30
g/ml, then with 19 ml of density 1.060 g/ml NaBr
solution. The rotor was centrifuged for 5 hr at 50,000
rpm, using slow acceleration and deceleration with the
brake off. Following centrifugation, VLDL and LDL
were found at the top of the tubes and HDL was seen
as a broad band one-third to halfway down the tube.
The fraction containing facilitation activity was found
in the clear zone below the HDL and extended into the
top 1-2 ml of plasma proteins.

Chromatography

Agarose gel chromatography was conducted on a
1.25 X 100 cm column of Sepharose CL 6B, eluted with
0.15 M NaCl, adjusted to pH 8.0 by addition of
NH,OH. The column was calibrated with standards of
apoferritin, LDH, catalase, albumin, LDL, and HDL.
The void and total column volumes were determined
from the elution of chylomicrons and dithionitroben-
zoic acid (DTNB), respectively. ConA-Sepharose (Phar-
macia) chromatography was performed at 10°Cona 15
X 1.25 ¢m column, using 0.05 M Tris, 1.0 M NaCl, 1
mM CaCly, 1 mM MgCly, pH 7.0 (buffer B). Bound
fractions were eluted with buffer B containing 0.2 M
methylglucopyranose. Phenyl-Sepharose chromatogra-
phy was performed on a 60 X 2.0 cm column, by the
procedure described by Morton and Zilversmit (11).
Heparin-Sepharose (Pharmacia) chromatography was
performed at 10°C on a 15-cm column; bound fractions
were eluted by batch elution or with a linear NaCl gra-
dient. Cation exchange chromatography was performed
on a 15 X 1.25 cm column containing carboxymethyl
cellulose (Whatman CM 52), following the procedure
of Pattnaik et al. (12).

Electrophoresis

Polyacrylamide gradient gel electrophoresis of intact
HDL was performed as described (13). Lipoproteins
were delipidated in 20 volumes of ethanol-ether 2:1 at
0°C and the protein precipitate was washed twice with
diethyl ether. Sodium dodecyl sulfate (SDS) polyacryl-
amide gel electrophoresis was performed in 0.1% SDS,
5.8% acrylamide gels as described previously (3). Sam-
ples were preincubated at 37°C for 30 min in 1% SDS,



0.6% dithiothreitol. The gels were stained for protein
with Coomassie Blue and for carbohydrate by the pe-
riodic acid-Schiff technique, as described by Segrest and
Jackson (14). Phosphorylase B, albumin, ovalbumin, and
chymotrypsinogen were used as molecular weight stan-
dards. ApoA-I, apoA-IV, and albumin were identified
by comparison of their mobilities with purified stan-
dards of these proteins. Protein was estimated by the
method of Lowry et al. (15).

RESULTS

Time course of facilitated phospholipid transfer

Unilamellar vesicles of egg phosphatidylcholine (PC)
were incubated with plasma, with HDL plus the d
> 1.21 g/ml fraction, with the d > 1.21 g/ml fraction
alone, and with HDL alone. The time course of transfer
of PC radioactivity into the d 1.063-1.210 g/ml frac-
tion (HDL) is shown in Fig. 1. Addition of the d > 1.21
g/ml fraction to HDL greatly increased the rate of PC
transfer into HDL, apparently reconstituting the activ-
ity of whole plasma. The percentage '*C-labeled PC
transfer effected by HDL plus the d > 1.21 g/ml frac-
tion (A) was greater than the sum of '“C-labeled PC
transfer by HDL alone (B) + '*C-labeled PC transfer by
the d > 1.21 g/ml fraction alone (C). The difference
A — (B + C) quantitates the amount of facilitated PC
transfer resulting from interaction of the d > 1.21
g/ml fraction with HDL. This facilitation activity,
shown as a dashed line in Fig. 1, reached a maximum
at the 30-min time point. The effect of the d > 1.21
g/ml fraction on '*C-labeled PC transfer into HDL was
identical in incubations conducted with and without 2
mM DTNB, showing independence of lecithin:
cholesterol acyltransferase (LCAT).

Further incubations using the same conditions as
those of Fig. 1, were performed for 0, 2, 4, 6, and 8
hr. A plateau of '“C-labeled PC transfer into HDL was
attained at 2 hr for plasma, for HDL + the d > 1.21
g/ml fraction, and for the d > 1.21 g/ml fraction alone;
however, when PC vesicles were incubated with HDL
alone there was a continuous linear increase in '*C-la-
beled PC transfer between 0 and 8 hr. In a 24-hr in-
cubation, similar transfer of PC radioactivity was ob-
tained for HDL alone and HDL + the d > 1.21 g/ml
fraction. Thus, the d > 1.21 g/ml fraction contains a
factor that interacts with isolated HDL to increase its
initial rate of uptake of PC radioactivity. In experiments
where HDL; (1.063-1.110 g/ml) and HDL; (1.110-
1.210 g/ml) were compared as acceptors of PC, the
time course and amount of facilitated PC transfer were
similar for incubations containing the same amount of
HDL protein.
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Fig. 1. Facilitation of transfer of PC radioactivity into HDL by the
d > 1.21 g/ml fraction of plasma. Unilamellar vesicles of egg PC (1.5
mg PC, containing 45,000 cpm) were incubated with (A) fresh plasma
(1.0 ml); (B) d > 1.21 g/ml fraction (from 1.5 ml plasma) + HDL (1.5
mg protein); (C) d > 1.21 g/ml fraction (from 1.5 ml plasma); and
(D) HDL (1.5 mg protein) in a metabolic shaker at 37°C. At each time
point, the incubation was stopped by chilling on ice and the % of PC
radioactivity transferred into the d 1.063-1.210 g/ml fraction was
determined by preparative ultracentrifugation in a Beckman 40.3 ro-
tor. Facilitated PC transfer (dashed line) was determined from the
difference B — (C + D).

Density distribution, size, and composition of
particles bearing phospholipid transfer activity

To analyze the distribution of this facilitation activity,
plasma was subjected to density gradient ultracentri-
fugation for 3 hr in a vertical rotor and equal volume
aliquots from each gradient fraction were incubated
with PC vesicles or PC vesicles plus isolated HDL. The
content of phospholipid and cholesterol and the den-
sities of the gradient fractions are shown in the top panel
of Fig. 2 and the PC uptake and facilitation activities
are shown in the bottom panel. The greatest transfer
of PC radioactivity into HDL (solid line) occurred upon
incubation of vesicles with fractions 8 (d 1.12 g/ml), 11
(d 1.16 g/ml), and the bottom fraction of the gradient.
By contrast, the facilitation activity (dashed line) was
found in a peak of density 1.20 to 1.26 g/ml, corre-
sponding to a relatively clear zone just above and ex-
tending into the plasma protein fraction. In 12 different
preparations from 5 plasma donors, the d 1.20-1.26
g/ml fraction was found to contain all the facilitation
activity of plasma.

Analysis of fractions of plasma centrifuged for 48 hr
in the SW 50.1 rotor also showed a peak of facilitation
in the d 1.20-1.26 g/ml fraction, but some activity was
present in the bottom gradient fraction. Following cen-
trifugation of plasma in fixed angle rotors (such as the
40.3 or Ti 50.2 rotor), most of the activity was found
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Fig. 2. Vertical rotor density gradient ultracentrifugation of plasma,
showing distribution of the activity that facilitates transfer of PC ra-
dioactivity into HDL. In the top panel are shown the concentrations
of total cholesterol (4), phosphelipids (O), and the densities (#) of
individual gradient fractions. In the bottom panel are shown the
amounts of PC transfer (®) and facilitated PC transfer (OJ) into HDL.
Five ml of plasma were raised to density 1.35 g/ml, overlaid with 12
ml of density 1.063 g/ml NaBr solution in a Sorvall TV 865B vertical
rotor, and centrifuged for 3 hr at 5°C and 65,000 rpm in a Beckman
L5-75 centrifuge, using slow acceleration and deceleration with the
brake off, as described in greater detail in (17). Seventeen fractions
of 1.0 ml were removed by pipetting. The densities of fractions were
determined from duplicate blank gradients in the same rotor, using
an Abbe 3L refractometer. An aliquot of each fraction (0.05 ml) was
incubated with (A) PC vesicles (0.25 mg) or (B) PC vesicles (0.25 mg)
+ HDL (0.125 mg protein); also, in (C) PC vesicles (0.25 mg) were
incubated with HDL (0.125 mg protein). Incubations were conducted
in 2 mM DTNB for 2 hr at 37°C. The % PC transfer was determined
from incubation A and facilitated PC transfer from the difference B
- (A +C).

in the plasma protein fraction. For example, incubations
conducted with the very high density lipoprotein frac-
tion (VHDL, d 1.19-1.27 g/ml) obtained by prolonged
preparative ultracentrifugation in the 40.3 rotor (total
of 144 hr at 40,000 rpm) showed only one-third of the
facilitation activity of the same density fraction prepared
by vertical rotor ultracentrifugation of an equivalent
amount of plasma; following the VHDL preparation
about two-thirds of the facilitation activity was present
in the d > 1.27 g/ml fraction. Recovery of facilitation
activity in the vertical rotor d 1.20-1.26 g/ml fraction
suggests that the activity resides in a protein-rich lipo-
protein. The redistribution of the activity in fixed angle
rotors points to dependence on an apolipoprotein that
may dissociate from the lipoprotein during prolonged
ultracentrifugation.
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To determine the size of the particles bearing the
facilitation activity, plasma was subjected to vertical ro-
tor ultracentrifugation and the fraction containing high-
est facilitation activity (d ~ 1.24 g/ml) was analyzed by
chromatography on 6% agarose. Equal volume aliquots
of each fraction of column eluate were incubated with
PC vesicles or PC vesicles + HDL (Fig. 3). When in-
cubated with vesicles alone, fractions eluting just ahead
of the peak of plasma proteins (circles) showed greatest
PC transfer into HDL (triangles). By contrast, incuba-
tion with vesicles plus HDL showed that the greatest
facilitated PC transfer (squares) occurred in fractions
eluting considerably further ahead of the plasma pro-
teins, The elution volume of the fraction showing max-
imum PC uptake from vesicles alone was consistent
with a particle diameter of 7.3 £ 0.3 nm (mean £ SEM,
n = 4), while the elution volume of the peak of facili-
tation activity indicated particles of mean diameter 10.2
+ 0.5 nm. The average composition of the fractions
eluting under the peak of facilitation activity (fractions
26-28) was 78% protein, 16% phospholipid, 5% cho-
lesteryl ester, and 1% cholesterol, with no detectable
triglycerides. Thus, the facilitation activity resides in a
protein-rich, relatively dense lipoprotein. The differ-
ential elution of PC uptake and facilitation activity (Fig.
3) suggests that the d 1.20-1.26 g/ml fraction contains
a heterogeneous population of particles with different
properties.

Similar experiments were conducted to determine
the distribution of facilitation activity in plasma. Chro-
matography of plasma showed that peak facilitation ac-
tivity was present at an identical elution volume to that
of the d 1.20-1.26 g/ml fraction. However, in plasma
this was coincident with the peak of HDL cholesterol.
Thus, the active fraction can be separated from HDL
by centrifugation of plasma but not by agarose chro-
matography of plasma.

Characterization of HDL following facilitated
phospholipid transfer

To determine if facilitated transfer of PC radioactiv-
ity into HDL was due to exchange or transfer of PC
molecules, the time course of PC mass transfer into
HDL was compared to that of PC radioactivity. HDL3
{4 mg of protein) was incubated with 8 mg of PC ves-
icles, with or without the d 1.20-1.26 g/ml fraction
(0.5 ml of fractions 12-13 from a gradient identical to
that of Fig. 2). The percentages of vesicle PC radioac-
tivity or mass showing facilitated transfer into HDL were,
respectively, 0 min (—0.5%, 0%), 30 min (—0.3, 0.4),
60 min (1.2, 1.3), 90 min (2.5, 2.8), 120 min (3.3, 3.9),
and 180 min (4.6, 3.0). Except for the final time point,
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Fig. 3. Agarose gel chromatography of the d 1.24 g/ml plasma fraction showing PC transfer (A) and facilitated
PC transfer (O) into HDL and the absorbance at 280 nm of each column fraction (®). Plasma was fractionated
as described in Fig. 2, and 0.8 ml of the fraction showing greatest facilitated PC transfer was chromatographed
ona 1.25 X 100 cm column of Sepharose CL-6B. The absorbance is shown on a linear scale with peak absorbance
of 2.0 and lowest absorbance of 0. Two-ml fractions were collected and the % of PC radioactivity transferred
into HDL was determined following incubation in 2 mM DTNB for 2 hr at 37°C of (A) 0.3 ml of each fraction
+ 0.4 mg PC; (B) 0.3 ml of each fraction + 0.4 mg PC + 0.25 mg HDL; or (C) 0.4 mg PC + 0.25 mg HDL.
The % PC transfer was determined from (A) and facilitated PC transfer from (B) — (A + C). V, and V, show

the void and total column volumes.

the time course of facilitated PC mass transfer was sim-
ilar to that of facilitated transfer of PC radioactivity,
indicating facilitation of net transfer of PC molecules
by the d 1.20-1.26 g/ml fraction.

In further experiments the composition of HDL was
determined following incubation with PC vesicles or PC
vesicles plus the d > 1.19 g/ml fraction (Table 1). Fa-
cilitated PC transfer was associated with a markedly in-
creased content of phospholipid in HDL, with a small
decrease in total protein mass. SDS polyacrylamide gels
of the HDL proteins showed no discernible change in
protein composition associated with facilitated PC trans-
fer (not shown).

To assess size changes in HDL, polyacrylamide gra-
dient gel electrophoresis was performed on holo-HDL
(d 1.063-1.190 g/ml) after incubation with PC vesicles
or PC vesicles plus an aliquot of the d > 1.19 g/ml frac-
tion. The scans of the gradient gels are shown in Fig.
4, where the control HDL preparation is shown as a
solid line. The control HDL showed major peaks of
diameter 9.2 nm (HDLs,) and 10.8 nm (HDLgy,) and
lesser peaks of diameters 8.1 (HDLs,) and 7.6 nm
(HDLs,) (see reference 13 for a detailed description of
these HDL subclasses). Incubation of holo-HDL with
PC vesicles resulted in an increase in diameter of the
major HDL peak to 9.5 nm, with smaller increases in
size of all of the other HDL subfractions. In the pres-
ence of the d > 1.19 g/ml fraction there was a pro-
nounced further increase in size of all of the HDL
subfractions, with or without DTNB in the incubation.
The size of the major peak of HDL after facilitated PC

transfer was 10.0 to 10.2 nm, resembling that reported
previously for HDLg, (13). It is evident that facilitated
PC transfer resulted in a major increase in mass of both
HDL, subfractions, with loss of mass of HDL3 subfrac-
tions (Fig. 4).

To determine the density changes resulting from fa-

TABLE 1. Composition of HDL after PC enrichment®

Incubation Pro® PL® Chol® Chol Esters? TG
HDL 0.43 0.17 0.016 0.16 0.03
(53) 21 (2) (20) 4)

PC + HDL3 0.31 0.25 0.002 0.16 0.03
(40) (34) (0.3) (22) (4)

PC + HDLs 0.30 - 0.49 0.013 0.14 0.03
+d>1.19 31 (49) (1.3) (16) (3)
PC+d>1.19 0.03 0.10 N.D. 0.01 N.D.
PC N.D¢ ' 0.03 N.D. N.D. N.D.

“ Results are presented in mg/dl; the values in parentheses are %
compositions. The incubations contained HDL3 (1.5 mg); HDL3 (1.5
mg) + PC vesicles (5 mg); HDL3 (1.5 mg) + PC vesicles (5 mg) + d
> 1.19 g/ml fraction (0.5 ml); PC vesicles (5 mg) +d > 1.19 g/ml
fraction (0.5 ml); PC vesicles (5 mg). Incubations were for 2 hr at
37°C in 2 mM DTNB, 0.15 M Tris, pH 8.0, in a final volume of 4
ml. Following the incubation, HDL (1.063-1.190 g/ml) was reisolated
by preparative ultracentrifugation. The values shown are the mean
results obtained by quadruplicate analysis of HDL samples, which were
present in a total volume of 3 ml.

b Pro, protein (15); PL, phosholipids (10); Chol, cholesterol, deter-
mined by gas-liquid chromatography; Chol Esters, cholesteryl esters,
measured by difference after hydrolysis and gas-liquid chromatog-
raphy; TG, triglycerides (16).

¢N.D., not detected.
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Fig. 4. Gradient gel scans of HDL showing changes associated with facilitated and nonfacilitated PC transfer. The profile of control HDL (4
mg) is shown as a solid line in all three sections. The dashed lines show the profiles resulting from incubation of HDL with PC vesicles (6 mg),
PC vesicles (6 mg) + d > 1.19 fraction (1.5 ml), and PC vesicles (6 mg) + d > 1.19 fraction (1.5 ml) in 2 mM DTNB. The arrows indicate the
positions of the protein standards (thyroglobulin, apoferritin, catalase, LDH, and albumin). Lipoprotein diameters (nm) are shown above their
corresponding peaks. Samples were incubated for 2 hr at 37°C. Subsequently the samples were centrifuged for 48 hr at density 1.21 g/ml in
a 40.3 rotor. The top 2 ml was removed, dialyzed, and an aliquot containing 75 ug protein was analyzed by polyacrylamide gradient gel
electrophoresis on 4/30% acrylamide gels. Samples were electrophoresed for 3,000 volt-hours. Gels were stained in Coomassie Blue and scanned

at 590 nm in a Transidyne reflectance photodensitometer.

cilitated PC transfer, PC vesicles were incubated with
HDL;, with or without an aliquot of the d 1.20-1.26
g/ml fraction, then analyzed by density gradient ultra-
centrifugation in the SW50.1 rotor. In Fig. 5 are shown
the densities, phospholipid radioactivity, and cholesterol
concentrations of the individual density gradient frac-
tions. Incubation with PC vesicles resulted in uptake of
PC radioactivity and a movement of the peak of HDL
cholesterol from d 1.130 to 1.105 g/ml. In the presence
of the d 1.20-1.26 g/ml fraction, there was about twice
as much PC radioactivity incorporated into HDL and
the peak of HDL cholesterol was moved to even lower
density (about 1.095 g/ml). Similar results were ob-
tained in four different experiments, with a significantly
lower mean density of the HDL peak resulting from
facilitated PC transfer (1.101 *+ 0.003 g/ml) compared
to nonfacilitated PC transfer (d 1.112 + 0.002 g/ml, P
< 0.01 by paired ¢ test). Incubation of vesicles with the
d 1.20-1.26 g/ml fraction resulted in transfer of a small
amount of PC radioactivity into the HDL density re-
gion. The percentage of PC radioactivity incorporated
into HDL (fractions 6—-13) was 5.4% for HDL alone,
2.1% for the 1.20-1.26 g/ml fraction alone, and 11.6%
for HDL + the d 1.20-1.26 g/ml fraction (Fig. 5).
Thus, interaction of HDL and the d 1.20-1.26 g/ml
fraction resulted in facilitated transfer of 4.1% of PC
radioactivity. Determination of phospholipid mass of
fractions 6-13 indicated that incubation with HDL + the
d 1.20-1.26 g/ml fraction was associated with facili-
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tated transfer of 3.2% of the phospholipid vesicle mass.
These results indicate that facilitated PC mass transfer
resulted in a shift of the HDL peak to lower density.

Partial purification of phospholipid transfer activity

Incubation of the vertical rotor d 1.20-1.26 g/ml
fraction with egg PC vesicles resulted in transfer of ac-
tivity to the vesicles. Vesicles were incubated with the
vertical rotor fraction showing greatest facilitation ac-
tivity, then were reisolated by chromatography on Se-
pharose CL6B and examined for facilitation activity
(Table 2). When incubated with HDL, these vesicles
showed approximately twice the transfer of PC radio-
activity into HDL (4.5%) compared to control vesicles
that had been incubated with saline (2.1%), showing
transfer of facilitation activity from the d 1.20-1.26 g/
ml fraction to the vesicles. Delipidation of the vesicles
resulted in a mixture of proteins that retained the ability
to facilitate PC transfer into HDL (Table 2). Under
identical conditions the delipidated protein of HDL (d
1.063-1.210 g/ml) or purified apoA-I, apoA-I11, apoA-
IV, apoE, or albumin showed no facilitation activity.

In order to characterize the active component fur-
ther, the d 1.20-1.26 g/ml fraction was subjected to
chromatography on ConA-Sepharose (Fig. 6). Most of
the protein eluted in the void volume. A small peak of
retained material eluted after application of buffer con-
taining 0.2 M 3-O-methyl-a-D-glucopyranose. Material
eluting in the void volume showed greater PC binding
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Fig. 5. Density gradient ultracentrifugation of HDL showing facili-
tated PC transfer as a result of incubation with the 1.20-1.26 g/ml
fraction. From the top to the bottom panel, the incubations contained:
2.0 mg PC vesicles; 0.5 mg HDL3 (d 1.100-1.210 g/ml); 2.0 mg PC
vesicles + 0.5 mg HDL3; 2.0 mg PC vesicles + 0.5 mg HDL; + 100
ul of d 1.20-1.26 g/ml fraction (obtained from a gradient identical
to that shown in Fig. 2); 2.0 mg PC vesicles + 100 ul of d 1.20-1.26
g/ml fraction; 100 ul of d 1.20-1.26 g/ml fraction. Incubations were
conducted in 3.0 ml of 0.15 M Tris-phosphate, pH 8.0, 2 mM DTNB,
for 1 hr at 37°C in a metabolic shaker. Gradients were constructed
by layering 1 ml each of solutions of densities 1.18, 1.14, 1.10, 1.06,
and 1.03 g/ml; the sample was included in the middle three fractions,
raised to appropriate density by addition of solid NaBr. Gradients
were centrifuged for 72 hr at 49,000 rpm in a Beckman SW 50.1
rotor. Eighteen fractions of equal volume were removed from the
tubes by pipetting and their density (4), radioactivity, and cholesterol
(22) concentrations were determined.

activity (triangles) than that eluting after application of
methylglucopyranose. However, facilitated PC transfer
(open squares) was slightly greater for the retained frac-

TABLE 2. Effects of protein adsorbed to vesicles on transfer
of 14C-labeled PC into HDL

% PC — HDL®
Facilitation
Incubation A B C C—-(A+B)
Vesicles with adsorbed protein (VP) 0.3 2.1 4.5 2.1
Delipidated protein (P) 02 1.8 5.4 3.4

@ Percentage of PC radioactivity transferred into HDL after incu-
bation for 2 hr at 37°C (means of triplicate determinations). All values
are corrected for PC transfer of PC vesicles alone (0.1%).

Plasma was subjected to vertical rotor density gradient ultracentri-
fugation, and an aliquot of the fraction containing peak facilitation
activity was incubated with PC vesicles, then chromatographed on
Sepharose CL 6B. Fractions containing vesicles were pooled and used
in incubations, or delipidated then used in incubations. Control PC
vesicles (PC) were incubated with saline, chromatographed, and
pooled. Incubations of vesicles with adsorbed protein (VP) contained:
A) VP (1.0 mg phospholipid); B) 1.0 mg PC + 0.3 mg HDL; C) VP
(1.0 mg) + 0.3 mg HDL. Incubations of delipidated protein (P) con-
tained A) P (20 ug) + 1.0 mg PC; B) 1.0 mg PC + 0.3 mg HDL; C)
P (20 ug) + 0.3 mg HDL + 1.0 mg PC.

tion. Expressed as a specific activity, the retained frac-
tion showed a 50- to 100-fold (n = 3) increase in facil-
itation activity (closed squares). The delipidated protein
prepared from the retained and void volume fractions

methyiglucopyranose b b
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Fig. 6. Con A-Sepharose chromatography of the d ~ 1.24 g/ml
plasma fraction, showing the absorbance at 280 nm of individual col-
umn fractions (®) and PC transfer (A) and facilitated PC transfer
(O) into HDL and specific activity of facilitated PC transfer (@) (% PC
transfer /0.1 mg protein) displayed by pools of void and retained frac-
tions. Plasma was analyzed by density gradient ultracentrifugation in
the SW 50.1 rotor as reported (4), and 0.3 ml of the fraction showing
peak facilitation activity was dialyzed into buffer A (see Methods) and
applied to ConA-Sepharose. After washing with approximately five
bed volumes, buffer A containing 0.2 M methylglucopyranose was
applied. Transfer of PC radioactivity and facilitated transfer of PC
radioactivity into HDL were determined using one-sixth of the volume
of fractions 2-5 (void) and one-sixth of fractions 12-17 (retained).
Incubations were conducted as indicated in the legends to Fig. 2 and
3, using 0.5 mg of PC and 0.3 mg of HDL. The inset shows SDS
polyacrylamide gels of 10 ug of the delipidated protein of the void
and bound fractions. ALB shows the mobility of an albumin standard.
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Fig. 7. Heparin-Sepharose chromatography of the fraction eluting from the phenyl Sepharose column with application of water, showing Agg
(@), PC transfer into HDL (), facilitated PC transfer into HDL (0), specific activity of facilitated PC transfer into HDL (m), and SDS poly-
acrylamide gels of some individual column fractions. The phenyl Sepharose fraction was dialyzed for 2 hr against distilled water, pH raised to
8.0 by addition of NH,;OH, then applied to the heparin-Sepharose column. After elution of the void volume peak a linear gradient was begun
using 110 ml of distilled water, pH 8.0, as start buffer and 110 ml of 100 mM NaCl, pH 8.0, as the end buffer. The PC transfer and facilitated
PC transfer were determined as described in Methods, using 0.5 ml of each fraction. The fraction volume was 7 ml and the flow rate 30 ml/
hr. A total of 40 fractions was collected; only fractions containing protein are shown.

also showed facilitation activity, with about 100-fold
greater specific activity of the former. The proteins
present in the ConA fractions were analyzed by SDS
polyacrylamide gel electrophoresis (inset to Fig. 6). The
high specific activity fraction retained by the ConA col-
umn showed three major bands of apparent molecular
weight 97,000, 80,000, and 63,000; all stained posi-
tively with periodic acid-Schiff. These results are similar
to those described for cholesterol ester exchange pro-
tein (12).

During attempts to purify the protein responsible for
facilitation activity, it was found that several steps (ConA
Sepharose chromatography and adsorption of protein
to vesicles) were associated with poor recovery of activ-
ity (less than 50%). By omission of low recovery steps
and by reference to the earlier experience with purifi-
cation of the cholesteryl ester exchange protein (6, 7),
the following purification scheme was devised: vertical
rotor ultracentrifugation, phenyl Sepharose (6), heparin
Sepharose, and carboxymethylcellulose chromatogra-
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phy (6). Since dialysis and storage were found to be
associated with loss of activity, this scheme employed
minimum dialysis and storage and was completed in 48—
72 hr. The vertical rotor d 1.20-1.26 g/ml fraction was
prepared from 80-320 ml of plasma using the TV 850
vertical rotor; a scaled-up procedure was used to in-
crease the amount of plasma that could be processed
(see Methods). This fraction was applied directly to a
phenyl Sepharose column, eluted with 0.15 M NaCl and
then with distilled water. About half of the protein and
almost all of the facilitation activity eluted following
application of distilled water. However, if elution with
0.15 M NaCl was prolonged (12 hr), it was necessary
to apply 5% ethanol-95% water to elute facilitation ac-
tivity. The fraction showing facilitation activity also dis-
played intrinsic ability to transfer PC into HDL.

The fraction eluted from the phenyl Sepharose col-
umn with distilled water was applied to a heparin-Se-
pharose column. Following elution of the void volume
peak, a linear gradient was begun (arrow in Fig. 7) from
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Fig. 8. Carboxymethyl cellulose chromatography of the retained heparin-Sepharose fraction (Fig. 7), showing
Agyo (@), facilitated PC transfer into HDL (), and SDS gels of some individual column fractions. The retained
fraction from the heparin-Sepharose column was dialyzed against 50 mM Na acetate, pH 4.5, and applied to
the carboxymethylcellulose column. After the Ayyy had returned to baseline, 90 mM NaCl, 50 nM Na acetate,
pH 4.5, was applied (at A) then 400 mM NaCl, 50 mM Na acetate, pH 4.5 (at B). Facilitated PC transfer was
determined as described in Methods using 1.0 ml per fraction. SDS gels are designated by their fraction number;
gels 15 and 18 contained approximately 20 ug and 30 ug protein, respectively.

distilled H,O to 100 mM NaCl, pH 8.0. Most of the
protein eluted in the void volume. A small peak was
eluted with the gradient, between about 10-80 mM
NaCl. Following completion of the gradient, 1.5 M
NaCl, pH 8.0, was applied, without elution of further
protein. Assays of individual gradient fractions showed
that most of the PC binding activity was present in the
void volume fraction, while the peak of facilitation ac-
tivity eluted slightly after the peak of retained protein.
The specific activity of facilitated PC transfer (closed
squares in Fig. 7) was greatest in fractions 21-25, reach-
ing peak values of about 1-2 pg '*C-labeled PC/ug pro-
tein. SDS-polyacrylamide gels are shown for individual
fractions of the heparin-Sepharose profile (Fig. 7). Frac-
tion 16, with highest protein content in the retained
peak, showed major bands of proteins of R; 0.32, 0.35,
0.46, and 0.57. Proceeding to fractions of higher spe-
cific activity of facilitation, the band of R; 0.35 appeared
more prominent.

Fractions of the retained peak of the heparin-Se-
pharose column (fractions 12-25) were pooled and di-
alyzed into 50 mM Na acetate, pH 4.5, and then applied
to a carboxymethylcellulose column which had been
equilibrated with the same buffer. A small peak eluted
in the void volume (Fig. 8). When the Asg had returned
to baseline, 50 mM Na acetate, 90 mM NaCl was applied
(Fig. 8 at A); the same buffer containing 400 mM NaCl
was then applied (Fig. 8 at B). Almost all of the facili-

tation activity (dashed line, Fig. 8) was eluted following
application of buffer containing 90 mM NaCl. SDS gels
of individual fractions showed that the fractions with
highest facilitation activity contained a major band of
protein of Ry 0.35, and several other broad, poorly de-
fined bands of lower and higher molecular weights.
Scans of gels 14 and 15 showed peaks of chromogenicity
corresponding to Ry values of 0.35, 0.46, and 0.57. The
molecular weight calibration curve for Figs. 7 and 8 is
shown in Fig. 9. The mobilities of the standard proteins
(closed circles) and of the major bands of the most active
fractions (open circles) are shown. The latter corre-
sponded to apparent molecular weights of 81,000 (R
0.35), 56,000 (R; 0.46), and 42,000 (R; 0.57).

5.0
491
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471
46

log M¢

ast
a4t

4.3

Fig. 9. Molecular weight calibration curve for gels shown in Figs. 7
and 8. The closed circles show the mobilities of the standards (phos-
phorylase B, albumin, ovalbumin, and chymostrypsinogen), while the
open circles show the positions of the three major peaks present on
a scan of gel 15 (Fig. 8).
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TABLE 3.

Purification scheme for phospholipid transfer activity?

Facilitation
Protein Activity Specific Activity Purification Recovery
mg ug [1*C1PC ug [1*CIPC/ ug protein per hr X %
Plasma 5000 71435 0.00143 100
1.20-1.26 115 9300 0.081 57 130
Phenyl Sepharose 48 5732 0.12 84 80
Heparin Sepharose 4.2 4242 0.14-2.1¢ 98-1469° 59
CM Cellulose 0.2 1200 4.0 2800 17

¢ Results shown are for a typical preparation.
¢ Estimated from data in (4).

¢ Range of values for active fractions of the NaCl gradient.

The purification scheme is summarized in Table 3.
The specific activity of the most purified fraction was
about 4 ug '*C-labeled PC/ug protein per 60 min, with
recovery of about 0.2 mg of protein. This represented
approximately 2,800-fold purification. However, this
estimate must be considered semiquantitative since lin-
earity of the assay with respect to time and amount of
material was not established at each stage of purifica-
tion.

Characterization of partially purified phospholipid
transfer protein

Using material purified by the method shown in Ta-
ble 3, the products of facilitated transfer into HDL,
were analyzed by density gradient ultracentrifugation
(Fig. 10). These experiments showed that facilitated PC
transfer into HDL was associated with a more pro-
nounced shift of the HDL peak to lower density. The
peak of PC radioactivity was at d 1.102 g/ml, compared
tod 1.118 g/ml for nonfacilitated PC transfer. Also the
mass of HDL protein and cholesterol (not shown) were
moved towards lower density. Incubation of HDL with
PC vesicles resulted in an increase of 55 ug PC (2.2%
of vesicle mass) in the HDL peak. In the presence of
HDL + transfer protein the increase was 125 ug (5%
of vesicle mass); for PC vesicles and transfer protein, 6
ug of PC was transferred into the HDL density region.
Thus, transfer protein caused facilitated transfer of 64
1g (2.7%) of vesicle PC into HDL. By comparison, there
was 2% facilitated transfer of PC radioactivity. In other
experiments (not shown), incubation of HDL with trans-
fer protein alone resulted in no change in density or
phospholipid mass of the HDL peak.

To determine if facilitated mass transfer of PC into
HDL was associated with reciprocal transfer of other
HDL lipids into vesicles or discs, the lipids of fractions
1-6 (Fig. 10) were analyzed by quantitative thin-layer
chromatography (16). Using 200 ug of total lipid, less
than 0.5 ug each of cholesteryl esters, triglycerides, and
fatty acids were found in fractions 1-6 of all gradients.
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Incubation of PC vesicles with HDL resulted in transfer
of 30 ug of cholesterol from HDL into fractions 1-6;
in the presence of transfer protein only 15 ug of cho-
lesterol was transferred into fractions 1-6. Thus, facil-
itated PC transfer into HDL was not associated with
reciprocal transfer of HDL lipids to vesicles.

In further experiments the most purified fraction
(Table 3) was examined for its ability to stimulate trans-
fer of cholesteryl esters from HDL to LDL. HDL (0.13
mg of protein) and LDL (0.25 mg of protein) were in-
cubated for 3 hr at 37°C in the presence of 28 ug of
transfer protein. This resulted in facilitated transfer of
28 ug of cholesteryl esters from HDL to LDL, giving
a specific activity of 1 ug of cholesteryl ester trans-
ferred/ug protein per 3 hr. When '*C-labeled PC ves-
icles were incubated with HDL containing *H-labeled
cholesteryl esters in the presence of transfer protein,
there was facilitated transfer of PC into d > 1.063
g/ml fraction, as expected. However, in these experi-
ments the *H/"*C ratio of the d < 1.063 g/ml fraction
was unaltered by facilitated PC transfer, indicating lack
of reciprocal transfer of cholesteryl esters from HDL
to vesicles.

DISCUSSION

We have shown an increased rate of transfer of PC
from vesicles into HDL, resulting from addition of the
d > 1.21 g/ml fraction. Importantly, this activity was
shown to enhance transfer of PC mass into HDL, re-
sulting in formation of larger, less dense particles (Figs.
4, 5, 10). The major lipoprotein product of facilitated
PC transfer into HDL3 had similar size and density to
“HDLy,” (13). However, gradient gel electrophoresis
(Fig. 4) showed that facilitated PC uptake by holo-HDL
was associated with size increases of all of the subclasses
of HDL. There were major increases in amounts of
larger HDLg, and HDLs, and decreases in HDL; sub-
classes. A very similar change in distribution of HDL
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Fig. 10. Density gradient ultracentrifugation of HDL showing facilitated PC transfer as a result of incubation
with partially purified transfer proteins. The symbols indicate PC radioactivity (4, cpm/ml gradient X 1073);
Aggy (B); and densities (@). From the top to the bottom panels the incubations contained: 2.2 mg PC vesicles;
1.0 mg HDL; (1.100-1.190 g/ml); 2.2 mg PC vesicles + 1.0 mg HDLs; 2.2 mg PC vesicles + 1.0 mg HDL,
+ 25 ug transfer protein; 2.2 mg PC vesicles + 25 ug transfer protein; 25 ug transfer protein. Transfer protein
was isolated as described in Table 3. Incubations were conducted in 3.0 ml of 0.15 M Tris-phosphate, pH 8.0,
for 1 hr at 37°C. Gradients were constructed by layering 1 ml each of solutions of densities 1.18, 1.14, 1.06,
and 1.02 g/ml, then centrifuging for 72 hr at 49,000 rpm in a Beckman SW 50.1 rotor.

subclasses occurs during alimentary lipemia (17). These
changes are thought to result from transfer of chylo-
micron PC into HDL (17). Thus, by analogy, the phys-
iological transfer of PC into HDL may be facilitated by
a lipid transfer activity.

The density distribution of the facilitation activity
(d 1.20-1.26 g/ml) suggests its association with a li-
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poprotein particle. Paradoxically, although the activity
resided in protein-rich, dense particles, their elution
volumes indicated a relatively large apparent Stoke’s
diameter (10.2 nm), similar to that of centrifugally iso-
lated HDL;. Thus, the structure of these particles may
deviate from the paradigm of lipoprotein structure,
which on the basis of density and composition would
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predict a smaller particle size (18). Alternatively, the
particles may have anomalous elution on agarose gel,
perhaps as a result of high glycoprotein content. The
particles bearing facilitation activity were isolated with
a minimum of ultracentrifugation (3 hr) and were found
at an identical elution volume upon agarose chroma-
tography of plasma or the d 1.20-1.26 g/ml fraction.
Thus, it seems unlikely that they were formed as an
ultracentrifugal artefact.

Protein mixtures derived from the d 1.20-1.26 g/
ml fraction were able to facilitate PC transfer into HDL.
Omitting steps that were associated with substantial loss
of activity, we developed a relatively rapid and simple
purification scheme that was associated with a progres-
sive increase in specific activity of facilitated '*C-labeled
PC transfer (Table 3). The most purified preparation
had a specific activity of about 4 ug of '*C-labeled PC/
ug protein per hr, representing approximately 2800-
fold purification relative to plasma, with about 17% re-
covery at the final step of purification (Table 3). The
most purified preparation contained a major component
of apparent molecular weight 81,000 and several other
components of lower molecular weight. However, in
view of the presence of several bands on SDS gels of the
most pure fraction (Fig. 8), phospholipid transfer activ-
ity cannot be unambiguously assigned to a particular
protein at this stage of purification.

Several steps in our purification scheme were based
on the earlier purification of a plasma cholesteryl ester
exchange protein (7, 12). Pattnaik et al. (12) have iso-
lated a protein mixture containing cholesteryl ester ex-
change activity by phenyl Sepharose, carboxymethyl-
cellulose, and ConA Sepharose chromatography of the
plasma d > 1.25 g/ml fraction. Using a similar proce-
dure, Thm et al. (7) obtained a fraction that caused
equimolar exchange of PC and cholesteryl esters be-
tween LDL and HDL. Recently, this group (19) has
shown that both lipid exchange activities show parallel
salt inhibition, temperature inactivation, and pH de-
pendence. These activities were associated with two
major bands on SDS gels, of apparent molecular weights
63,000 and 58,000. Points of similarity between our
observations on PC transfer activity and the earlier re-
ports are association of the activity with a lipoprotein
complex of similar apparent size to HDL (6, 7), binding
to ConA-Sepharose, (7, 12), and elution from phenyl
Sepharose and carboxymethylcellulose by similar buff-
ers (7, 12). Furthermore, our most pure fraction was
found to stimulate cholesteryl ester exchange between
HDL and LDL. Thus, there is a possibility that choles-
teryl ester and PC exchange/transfer are mediated by
the same protein. However, rat plasma shows high ex-
change activity for PC, but little for cholesterol esters
(19). We have also found that fractions prepared from
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the d > 1.21 g/ml fraction of rat plasma are potent in
stimulating facilitated PC transfer from vesicles to HDL,
but do not facilitate cholesteryl ester exchange.? Thus,
the rat transfer protein may have different specificity
to its human counterpart, or cholesteryl ester and PC
exchange may be mediated by different proteins. It is
also possible that PC exchange and transfer are en-
hanced by different plasma proteins.

There are several potential mechanisms of protein-
facilitated lipid transfer. Wirtz and co-workers (20) have
isolated a phosphatidylcholine-specific exchange protein
from bovine liver. This protein promotes PC exchange
between lipid surfaces by shuttling single PC molecules
through the aqueous compartment, exchanging a bound
PC molecule for one in the lipid surface. Since the pro-
tein’s hydrophobic binding site is always occupied by a
PC molecule, net mass transfer does not occur. In our
experiments the facilitated net transfer of PC molecules
from vesicles to HDL was not associated with reciprocal
transfer of other lipids. Thus it appears that the plasma
PC transfer protein does not operate by a shuttle-ex-
change mechanism. In view of the binding of transfer
protein to PC vesicles (Table 1, Fig. 10) it is possible
that the mechanism of action involves alteration of the
properties of the vesicle surface, promoting fusion of
vesicles with HDL or desorption of individual PC mol-
ecules into the aqueous phase with subsequent transfer
to HDL. In the absence of transfer protein, PC ex-
change between vesicles and HDL shows second order
kinetics, suggesting a bimolecular process involving col-
lision between HDL and vesicles (21). Thus, we suggest
that the plasma PC transfer protein alters the vesicle
surface in a way that promotes PC uptake during col-
lision with HDL. Similar alterations in the surface prop-
erties of chylomicrons or VLDL may be involved in
promoting transfer of surface lipids into HDL during
lipolysis. BB

This work was supported by NIH Grants HL.22682 and T32-
AM 07330. A.T. is an Established Investigator of the Amer-
ican Heart Association.

Manuscript veceived 1 March 1982 and in revised form 6 July 1982.

REFERENCES

1. Chajek, T., and S. Eisenberg. 1978. Very low density
lipoproteins. Metabolism of phospholipids, cholesterol,
and apolipoprotein C in the isolated perfused rat heart.
J- Clin. Invest. 62: 1654-1665.

2. Redgrave, T. G., and D. M. Small. 1979. Quantitation
of the transfer of surface phospholipids of chylomicrons

2Tall, A. R,, L. R. Forester, and G. L. Bongiovanni. Unpublished

results.



10.

11.

12.

13.

to the high density lipoprotein fraction during the catab-
olism of chylomicrons. J. Clin. Invest. 64: 162-171.

. Tall, A. R, P. H. R. Green, R. M. Glickman, and J. W.

Riley. 1979. Metabolic fate of chylomicron phospholipids
and apoproteins in the rat. J. Clin. Invest. 64: 977-989.

. Tall, A. R, and P. H. R. Green. 1981. Incorporation of

phosphatidylcholine into spherical and discoidal lipopro-
teins during incubation of egg phosphatidylcholine vesi-
cles with isolated high density lipoproteins or with plasma.
J. Biol. Chem. 256: 2035-2044.

. Jonas, A. 1979. Interaction of bovine serum high density

lipoprotein with mixed vesicles of phosphatidylcholine
and cholesterol. J. Lipid Res. 20: 817-824.

. Pattnaik, N. M., and D. B. Zilversmit. 1979. Interaction

of cholesteryl ester exchange protein with human plasma
lipoproteins and phospholipid vesicles. J. Biol. Chem. 254:
2782-2786.

. Ihm, J.,J. A. K. Harmony, J. Ellsworth, and R. L. Jackson.

1980. Simultaneous transfer of cholesteryl ester and phos-
pholipid by protein(s) isolated from lipoprotein-free
plasma. Biochem. Biophys. Res. Commun. 93: 1114-1120.

. Singleton, W. S. 1965. Chromatographically homoge-

neous lecithin from egg phospholipids. J. Am. Oil Chem.
Soc. 42; 53-58.

. Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A

simple method for isolation and purification of total lipids
from animal tissues. J. Biol. Chem. 226: 497-509.
Bartlett, G. R. 1959. Phosphorus assay in column chro-
matography. J. Biol. Chem. 234: 466—468.

Morton, R. E., and D. B. Zilversmit. 1981. A plasma in-
hibitor of triglyceride and cholesteryl ester transfer ac-
tivities. J. Biol. Chem. 256: 11992-11995.

Pattnaik, N. M., A. Montes, L. B. Hughes, and D. B.
Zilversmit. 1978. Cholesteryl ester exchange protein in
human plasma: isolation and characterization. Biochim.
Biophys. Acta. 530: 428-438.

Anderson, D. W., A. V. Nichols, T. M. Forte, and F. T.

Tall, Forester, and Bongiovanni Facilitated transfer of phospholipid into HDL

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lindgren. 1977. Particle distribution of human serum
high density lipoproteins. Biochim. Biophys. Acta. 493: 55—
68.

Segrest, ]. P., and R. L. Jackson. 1972. Molecular weight
determination of glycoproteins by polyacrylamide gel
electrophoresis in sodium dodecyl sulfate. Methods En-
zymol. 28: 54-63.

Lowry, O. H,, N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin phe-
nol reagent. J. Biol. Chem. 193: 265-275.

Katz, S. S., G. G. Shipley, and D. M. Small. 1976. Physical
chemistry of the lipids of human atherosclerotic lesions.
J. Clin. Invest. 58: 200-211.

Tall, A. R., C. B. Blum, G. P. Forester, and C. Nelson.
1982. Changes in the distribution and composition of
plasma high density lipoproteins after ingestion of fat. J.
Biol. Chem. 257: 198-207.

Shen, B. W., A, M. Scanu, F. J. Kezdy. 1977. Structure
of human serum lipoproteins inferred from compositional
analysis. Proc. Natl. Acad. Sci. USA. 74: 837-841,

Ihm, J., J. L. Ellsworth, B. Chataing, and J. A. K. Har-
mony. 1982. Plasma protein-facilitated coupled exchange
of phosphatidylcholine and cholesteryl ester in the ab-
sence of cholesterol esterification. J. Biol. Chem. 257:
4818-4827.

Wirtz, K. W. A., P. Moonen, L. L. M. Van Deenen, R.
Radhakrishnan, and H. G. Khorana. 1980. Identification
of the lipid binding site of the phosphatidyicholine ex-
change protein with a photosensitive nitrene and carbene
precursor of phosphatidylcholine. Ann. NY Acad. Sci. 348:
244-255.

Jonas, A., and G. T. Maine. 1979. Kinetics and mecha-
nism of phosphatidylcholine and cholesterol exchange
between single bilayer vesicles and bovine serum high-
density lipoproteins. Biockemistry. 18: 1722-1728.
Zlatkis A., and B. Zak. 1969. Study of a new cholesterol
reagent. Anal. Biochem. 29: 143-145.

289



