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CHAPTER 1
GENERAL INTRODUCTION

The phospholipid composition of subcellular membranes is
determined by a dynamic equilibrium between processes like synthesis, degradation and interconversion of lipid species. The
enzymes involved in phospholipid biosynthesis are localized in the
endoplasmic reticulum (1,2). Therefore, there is a continuous
transfer of phospholipids from the endoplasmic reticulum to other
subcellular organelles in order to replace degraded phospholipids
and allow membrane growth. Phospholipid transfer proteins are
thought to play a role in this process. The transfer of phospholipids between natural and artificial membranes in vitvo is enhanced by the cytosol fraction of many tissues. Phospholipid transfer activity was first observed in the 105 000 xg supernatant
from rat liver (3). This fraction catalyzes the transfer of phosphatidylcholine, phosphatidylinositol, phosphatidylethanolamine,
phosphatidylserine, phosphatidic acid and sphingomyelin between
rat liver microsomes and mitochondria (2-8). Phospholipid transfer
activity has also been demonstrated in rat brain (9,10), intestine
(11,12), lung (13), kidney and heart (14), and in rat hepatoma
tissue (8). Transfer activity was also observed in other mammalian
tissues, i.e. bovine (15-18), guinea pig (19,20), and rabbit (19,
21), and in plants (22,23), yeast (24) and the photosynthetic bacterium Rhodopseudomonas sphaevoides (25). In addition, phospholipid
transfer activity has been detected in human serum (26,27). This
widespread occurrence lends support to the idea that these proteins
play an essential role in phospholipid metabolism. Several reviews
on phospholipid transfer proteins have appeared (28-33).
Phospholipid transfer proteins have been purified to homogeneity from bovine liver (34) , brain (18), and heart (35), rat
liver (36), and hepatoma (8), and maize seedlings (37) . Furthermore, transfer proteins were partially purified from rat intestine
(12), and lung (38), sheep lung (39), potato tuber (40), and'
castor bean endosperm (41) . On the basis of their specificity the
phospholipid transfer proteins fall into three categories. Firstly,
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there is the phosphatidylcholine transfer protein, which has an
absolute specificity for this phospholipid (42). Secondly, a phosphatidylinositol transfer protein has been isolated, which preferentially transfers phosphatidylinositol, but can also transfer
phosphatidylcholine and phosphatidylglycerol (43,44). Finally,
there is the non-specific lipid transfer protein, which transfers
all natural diacylphospholipids and cholesterol (45). The latter
protein appears identical to sterol carrier protein- (46,47). As
a result of its capability to transfer cholesterol, this protein
was found to stimulate the esterification of cholesterol by rat
liver microsomes (47-49) and the conversion of cholesterol into
pregnenolone by adrenal mitochondria (50). In addition, this
protein modulates cholesterol biosynthesis by stimulating the
conversion of A -cholesten-3B-ol into 7-dehydrocholesterol and of
7-dehydrocholesterol into cholesterol (47).
Apart from these phospholipid transfer proteins, several
carrier proteins for other lipophilic compounds have been described. These include proteins transporting fatty acids (51,52),
retinol and retinoic acid (53,54), a-tocopherol (55), steroid hormones (56,57) and glycosphingolipids (58).
The physiological role of phospholipid transfer proteins is
still not known with certainty. It remains to be established to
what extent these proteins contribute to the intracellular translocation of phospholipids and cholesterol. No direct evidence for
such an involvement exists, although there are many indications
which support such a function.
Recently, the rates of translocation of newly synthesized
phosphatidylcholine, phosphatidylethanolamine and a phosphatidylcholine analogue (N-propyl-N,N-dimethylethanolamine) in living
cells were compared with the rates of transfer in vitro, catalyzed
by a pH 5.1 supernatant prepared from the same cells (59). In rat
hepatocytes there was a good correlation between the in v vo translocation of these phospholipids between the endoplasmic retxculum
and mitochondria, and the in vitro transfer activity of the pH 5.1
supernatant, consistent with an essential function of the phospholipid transfer proteins in vivo. In this study, the authors suggested that a definitive evaluation of the role of phospholipid
transfer proteins in phospholipid movement in vivo may require the
study of mutants in which specific phospholipid transfer proteins
12

are altered by mutations.
Observations have been made, suggesting a relationship between
the activity of phospholipid transfer proteins and certain aspects
of membrane development and phospholipid composition. In developing rats an increase in phosphatidylinositol transfer activity was
observed at the onset of myelogenesis (60,61), supporting the idea
that phospholipid transfer proteins are involved in the assembly
of the myelin structure. In lung, phospholipid transfer proteins
are thought to play a role in the secretion of lung surfactant
(13,21,39). In contrast to other organs, rat lung contains a
transfer protein specific for phosphatidylglycerol, one of the
main components of lung surfactant (38) . Furthermore, in developing mouse lung, phosphatidylcholine transfer activity reached a
maximal level two days before birth, which coincided with an increase of the specific activity of cholinephosphotransferase, the
final enzyme in the phosphatidylcholine biosynthesis (13,62). In
normal liver sphingomyelin occurs mainly in the plasma membrane
and not in mitochondria. The occurrence of sphingomyelin in mitochondria from rat tumours and fetal liver, is thought to be due to
the exclusive presence of a sphingomyelin transfer protein in these
tissues (8). Sphingomyelin is synthesized in the plasma membrane
by the transfer of the phosphocholine head group of phosphatidylcholine to ceramide. It has been shown that in vitro phosphatidylcholine present in a liposomal membrane can serve as a substrate
for sphingomyelin synthesis in the plasma membrane, only when the
phosphatidylcholine transfer protein is present (63) . Perhaps
phospholipid transfer proteins can also play a role in other
enzyme systems that utilize lipid substrates.
Much can be learned about the role of phospholipid transfer
proteins in the lipid economy of the cell by determining the
levels of the various transfer proteins in different tissues under
a variety of physiological conditions. Until now, no specific
assays for the various phoscholipid transfer proteins were available. The overlapping specificities of the transfer proteins have
made it difficult to establish the contribution of a particular
transfer protein to the total phospholipid transfer activity in
the membrane-free cytosol. For instance, phosphatidylcholine can
be transferred by all three phospholipid transfer proteins mention-
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ed above. Attempts have been made to assess the contributions by
immunotitration with antisera specifically raised against individual phospholipid transfer proteins. In this way it was established that in bovine brain, heart and liver the phosphatidylcholine transfer protein contributes for 15%, 20% and 75%, respectively, to the phosphatidylcholine transfer activity. The contribution of the phosphatidylinositol transfer protein to this transfer activity was found to be 65% for brain, 60% for heart and 10%
for liver (43).

This thesis deals with the development of specific and
sensitive assay systems. We have chosen to develop immunoassays
as the interaction between antigen and antibody is very specific.
In order to raise specific antisera, one needs to have highly
purified transfer proteins. In Chapter 3 the isolation of the phosphatidylcholine transfer protein from rat liver is described. A
specific antiserum against the protein was used for the immunotitration of the phosphatidylcholine transfer activity in the
105 000 xg supernatant from rat liver and Morris hepatomas. In
Chapter 4 the development of a radioimmunoassay for the phosphatidylcholine transfer protein is described. This assay was used
to determine the levels of this protein in various rat tissues
(Chapter 5 ) . It was found that the levels of the phosphatidylcholine
transfer protein in the 105 000 xg supernatant fraction of rat
liver, determined by radioimmunoassay, were 2-4 fold higher than
levels determined by immunotitration. This phenomenon is studied
in more detail in Chapter 6.
For the non-specific lipid transfer protein from rat liver, an
enzyme immunoassay was developed. This assay is based on the reproducible adsorption of the transfer protein to a plastic surface
and subsequent detection by reaction with specific antibodies.
This assay (Chapter 7) was used to determine the level of nonspecific lipid transfer protein in rat tissues and Morris hepato'nas
and to study its subcellular distribution.
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CHAPTER 2
GENERAL EXPERIMENTAL SECTION

1.

REAGENTS AND MATERIALS

Sephadex G-50, Sepharose 4B, Ficoll and agarose A were purchased from Pharmacia (Uppsala, Sweden); DEAE-cellulose DE52 and
CM-cellulose CM52 from Whatman Ltd. (Maidstone, U.K.). Hydroxyapatite (Bio-gel HTP), lactoperoxidase-glucose oxidase "enzymobeads" and goat anti-rabbit IgG "immunobeads" were obtained from
Bio-Rad Laboratories (Richmond, Ca.); Aquacide III, bovine serum
albumin and Staphyloaoaaus aureus cells (Pansorbin) from Calbiochem (San Diego, Ca.). Cyanogen bromide and 1,3,4,6-tetrachloro3a,6o-diphenylglycoluril (Iodogen) were supplied by Pierce Chemical Co. (Rockford, II.) and O-phenylene diamine by Sigma (St.
Louis, M o . ) . Freund's complete adjuvant was from Miles Laboratories (Stoke Poges, U.K.), aprotinin from Boehringer (Mannheim,
F.R.G.) and polyvinyl microtiter plates from Flow Laboratories
(McLean, Va.). ACA-54 was obtained from LKB (Bromma, Sweden) and
goat anti-rabbit IgG conjugated to horse radish peroxidase from
Nordic Immunological Laboratories (Tilburg, The Netherlands).
Carrier-free Na 1 2 5 I was purchased from The Radiochemical Centre
(Amersham, U.K.), which also supplied [methyl-lkC]choline and myo[2-3H]inositol. All other chemicals used were of analytical grade.
2.

PREPARATION OF MEMBRANE FRACTIONS

2.1. Preparation of subcellular fractions
Male Wistar rats (200-250 g) were fasted overnight. The
livers were removed, minced and washed with 0.25 M sucrose/0.01 M
Tris-HCl (pH 7.4)/0.001 MEDTA (buffer A ) . A 10% (w/v) homogenate
was prepared in this buffer with two strokes of a Potter-Elvehjem
homogeniser and filtered through four layers of cheese cloth. A
modification of the centrifugation scheme developed by De Duve
and coworkers was used (1). The homogenate (100 ml) was centrifuged (5 min at 1000 xg); the pellet was carefully resuspended in
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20 ml of buffer A with a Pasteur pipette and centrifuged again
(5 min at 1000 xg). The ensuing pellet consists of nuclei and cell
debris. The combined supernatants were centrifuged (10 min at
9000 xg) to obtain a heavy mitochondrial fraction, which was washed once as described above. The combined supernatants were fractionated further into a light mitochondrial fraction (10 min at
20 000 xg), a microsomal fraction (60 min at 105 000 xg) and the
membrane-free cytosol.
2.2. Isolation of peroxisomes
Female Wistar rats (200 g) were injected intraperitoneally
with Triton WR1339 (85 mg per 100 g body weight) four days prior
to sacrifice, and were fasted overnight before the experiment.
Livers were removed and a 30% (w/v) homogenate in 0.25 M sucrose/
0.1% (v/v) ethanol (buffer A) was prepared with two strokes of a
Potter-Elvehjem homogeniser. A "large-granule fraction" was prepared essentially as described by Baudhuin (2). The homogenate
(20 ml) was centrifuged (10 min at 1000 xg). The resulting pellet
was resuspended in 20 ml of buffer A with a Pasteur pipette and
centrifuged again (10 min at 1000 xg). The combined supernatants
were centrifuged for 12.5 min at 20 000 xg. The pellet was resuspended in 10 ml buffer A and centrifuged again (12.5 min at
20 000 xg). The ensuing pellet, representing the large-granule
fraction, was carefully resuspended in 5 ml of buffer A. An
aliquot (2.2 ml) of this fraction was loaded on top of a discontinuous sucrose gradient, consisting of layers of 55%, 52%, 48.2%,
41% and 33% (w/w) sucrose (6 ml each). Centrifugation was carried
out in a Beekman SW27 rotor for 3 h at 26 000 rpm. Fractions were
collected from the interfaces using a Pasteur pipette. Peroxisomes
collected at the interface between 52 and 48.2% (w/w) sucrose.
2.3. Isolation of beef heart mitochondria
Beef heart mitochondria were prepared by the procedure of
Blair (3). A beef heart (1.5-2.5 kg) was obtained from the local
slaughterhouse. After removal of adhering fat, the tissue was cut
into small pieces which were rinsed several times with ice-cold
0.25 M sucrose/20 mM EDTA/10 mM Tris-HCl (pH 7.4). A 30% (w/v)
homogenate was prepared in this buffer. After centrifugation (20

18

min at 1200 xg) in a Beekman J-6 centrifuge, the supernatant was
filtered through a double layer of cheese cloth and centrifuged
again (20 min at 16 000 xg) in a Sorval GSA rotor. The fluffy
layer on top of the pellet was carefully resuspended by swirling
and discarded with the supernatant. The pellet containing the
mitochondria was resuspended in 300 ml of 0.25 M sucrose/10 mM
EDTA/10 mM Tris-HCl (pH 7.4) with a Potter-Elvehjem homogeniser.
After centrifugation (20 min at 17 000 xg) in a Sorvall SS-34
rotor the pellets were resuspended in a total volume of approximately 30 ml of SET buffer. After determination of phospholipid
phosphorus the mitochondria were stored at -20°C in small aliquots
(12 iimol phospholipid). Before use the mitochondria were thawed,
15 ml of SET buffer was added, and after centrifugation (10 min at
9000 xg) the pellet was resuspended in a total volume of 1 ml SET
buffer containing 3.0% (w/v) bovine serum albumin.
2.4. Preparation of mi ar o somes containing ll*C-labeled phosphatidylaholine
Six rats (250-300 g body weight) were fasted overnight and
each rat was injected intraperitoneally with 30 yCi of [methyl^CJcholine, one hour before excision of the liver. A 10% homogenate was prepared in ice-cold SET buffer (0.25 M sucrose/1 mM
EDTA/10 mM Tris-HCl, pH 7.4). After sedimentation of nuclei and
cell debris (15 min at 600 xg), and mitochondria and lysosomes
(20 min at 15 000 xg), the supernatant was centrifuged at 105 000
xg for 60 min (angle rotor No. 30, Beekman) to sediment the microsomes. The microsomes were resuspended in 10 mM Tris-HCl (pH 8.6)
and centrifuged again (60 min at 105 000 xg). This washing step
was repeated with 1 mM Tris-HCl (pH 8.6). Microsomes were resuspended in SET buffer at a concentration of 12.5 mg protein/ml and
stored at -20°C in 1 ml aliquots. Yield of microsomal protein was
approximately 600 mg. Protein was determined according to Lowry
et at. (4). Before use, the microsomal suspension was thawed and
dispersed by ultrasonic irradiation for 1 min with a Branson sonifier. Lipid analysis has demonstrated that 1 mg of microsomal
protein represents 0.52 vimol of [1!*C]PC (spec. act. 15-20 pCi
mmol" l ).
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2.5. Preparation of microsomes containing ^E-labeled phosphatidylinositol
Microsomes were isolated from the livers of five male rats,
fasted overnight, as described in section 2.4. The unwashed microsomal pellet was resuspended in 80 ml of 20 mM Tris-KCl (pH 7.4).
Manganese chloride was added to a final concentration of 10 mM,
followed by 100 yCi of mz/o-[ 2-3H] inositol, and the system was incubated at 37°C for 2 h (5). After centrifugation at 105 000 xg
for 1 h, the pellet was resuspended in 10 mM Tris-HCl (pH 8.6),
containing 2 mM inositol. This procedure was repeated with 1 mM
Tris-HCl (pH 8.6), containing 2 mM inositol. Microsomes were
finally taken up in SET buffer at a concentration of 12.5 mg/ml
and stored at -20°C. Prior to use, the microsomes were sonicated
for 1 min.
2.6. Sepatomas
Morris hepatomas 7787, 9633 and 7777 are chemically induced
transplantable hepatomas of increasing growth rate and degree of
dedifferentiation, as defined in Refs. 6 and 7. The tumours were
maintained in Buffalo strain rats and were transplanted by injection of 0.5-1.0 ml of a tumour mince in Hank's balanced salt
solution into the hind limbs of the animals. The tumours were
harvested after 3 weeks (hepatoma 7777) , 3 months (hepatoma 9633)
and 4-6 months (hepatoma 7787), respectively.
2.7. Preparation of 105 000 xg and pB 5.1 supernatants
Male Wistar rats were fasted overnight and the organs were
removed. A 10% or 20% (w/v) homogenate in 0.25 M sucrose/1 mM
EDTA/10 mM Tris-HCl (pH 7.4) was prepared with a Potter-Elvehjem
homogeniser. In case of the intestinal mucosa the small intestines
were rinsed with ice-cold 0.9% (w/v) NaCl solution, prior to
removal of the mucosa and homogenization. The homogenates were
subsequently centrifuged for 5 min at 1000 xg, 10 min at 20 000 xg
and 90 min at 105 000 xg. The 105 000 xg supernatant was adjusted
to pH 5.1 with 1 N HC1 and allowed to stand for 30 min on ice.
Precipitated protein was removed by centrifugation (10 min at
20 000 xg) and the pH adjusted to 7.4 with 1 M Tris.
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3.

ASSAYS OP PHOSPHOLIPID TRANSFER

3.1. Assay of phosphatidylcholine transfer activity
The phosphatidylcholine transfer activity was determined by
measuring the transfer of [1'*C]PC from rat liver microsomes to
phospholipid vesicles essentially as described before (8,9) .
Single bilayer vesicles were prepared from egg yolk PC (98 mol%),
PA (2 mol%) and a trace of [7a-3H]cholesteryloleate (0.01% by wt.)
by sonication for 10 min. ^C-labeled microsomes (1.25 mg protein,
i.e. 0.65 ymol PC) were incubated with 3H-labeled vesicles (1 umol
PC) and PC-TP activity for 30 min at 37°C in a total volume of
2.5 ml SET buffer. At the end of the incubation the microsomes were
quantitatively sedimented (10 min at 10 000 xg) by adjusting the
pH of the medium to 5.1 by addition of 0,5 ml of 0.2 M sodium
acetate/acetic acid (pH 5.0). Controls without PC-TP activity were
carried through the entire procedure. Lipids were extracted
from the supernatant fractions according to Bligh and Dyer (10)
and thft ll*C and 3 H radioactivity determined. The ^C: 3 !! ratio,
corrected for the ratio of the control incubation, was used as
measure of transfer activity. The percentage of microsomal t^CjPC
transferred to the vesicles equals A x a/b x 100% in which A is
the corrected lkC:3H ratio, a (cpm) the 3H-label in the vesicles
before incubation and b (cpm) the 1'*C-label in the microsomes
before incubation.
3.2. Assay of phosphatidylinositol transfer activity
Phosphatidylinositol transfer activity was measured using the
in vitro transfer of phosphatidyl[3H]inositol from rat liver microsomes to vesicles essentially as described before (11) . Vesicles
were prepared as described in section 3.1, except that a trace of
cholesteryl[llfC]oleate was used as a non-exchangeable marker. Incubation conditions were as described in section 3.1. After extraction of the lipids, the organic phase was washed twice with
methanol-water (1:1, v/v), containing 2 mM inositol. After determination of 3 H and lhC radioactivity, the transfer activity was
calculated in a manner analogous to the calculation of phosphatidylcholine transfer activity (section 3.1).
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3.3. Assay of phosphatidylethanolamine transfer activity
Phosphatidylethanolamine transfer activity was measured by
using a modification (9) of the procedure of Bloj and Zilversmit
(12). Single bilayer vesicles were prepared from egg yolk PC (60
mol%) and rat liver [14C]PE (40 jnol%) by sonication for 10 min.
Protein fractions were incubated with lkC~labeled vesicles (100
nmol of phospholipid) and beef heart mitochondria (600 nmol of
phospholipid) for 45 min at 37°C in a total volume of 0.5 ml SET
buffer. During the incubation the tubes were vortexed at regular
intervals to prevent sedimentation of the mitochondria. The reaction was terminated by sedimentation (10 min at 11 000 xg) of the
mitochondria through a cushion of 0.5 ml 14.3% (w/v) sucrose. The
supernatant was carefully removed by aspiration. The mitochondrial
pellet was dissolved in 0.1 ml 10% (w/v) sodium dodecyl sulfate by
heating at 60°C and the radioactivity determined by liquid scintillation counting. Blank incubations without added protein were
carried through the entire procedure to correct for non-catalyzed
transfer.
4.

PURIFICATION OF PHOSPHOLIPID TRANSFER PROTEINS

4.1. Purification of phosphatidylcholine transfer protein from
rat liver
Livers from Wistar rats were stored at -20°C until use. A
buffer of 0.25 M sucrose, 0.01 M Tris-HCl (pH 7.4) and 0.001 M
EDTA was added. After thawing, the livers were rinsed several
times with the same buffer and a 30% (w/v) homogenate was prepared. The homogenate was centrifuged in a WKF (model G 50 K)
centrifuge at 7500 rev./min for 20 min. The supernatant was adjusted to pH 5.1 with 3 N HC1 and allowed to stand for 30 min with
stirring after which the precipitated proteins and microsomes were
removed by centrifugation as above. The supernatant was adjusted
to pH 7.2 with 1 M Tris and subsequently, solid ammonium sulfate
was added to 60% saturation. After standing overnight with stirring,
precipitated proteins were sedimented by centrifugation as above
and the pellet dissolved in a small volume of 10 mM Tris-HCl,
pH 7.2. After dialysis against 10 mM Tris-HCl (pH 7.2) and
removal of denatured proteins by centrifugation, this protein was
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applied to a DEAE-cellulose column (50 mg protein/ml DEAE-cellulose)
equilibrated and eluted with the same buffer. The void volume fraction containing the transfer protein was adjusted to 90% saturation
with solid ammonium sulfate, allowed to stand overnight and the
precipitated protein was sedimen-ed by centrifugation as above. The
pellet was dissolved in a small volume of 20 mM citrate/40 mM phosphate buffer, pH 5.0, and dialyzed extensively against this buffer.
After removal of precipitated protein, this fraction was applied to
a CM-cellulose column (15 mg protein/ml CM-cellulose) equilibrated
with 20 mM citrate/40 mM phosphate buffer, pH 5.0. The protein was
eluted with a linear gradient of 20 mM citrate/40 mM phosphate,
pH-5.0, to 80 mM citrate/160 mM phosphate, pH 5.0 ( 2 x 5 column
volumes). The active fractions eluted at a buffer strength of
about 35 mM citrate/70 mM phosphate. After adjustment of the pH to
6.8 with 3 N NaOH :he pooled fractions were concentrated against
dry Picoll and applied to a Sephadex G-50 column (6 x 80 cm) equilibrated with 10 mM potassium phosphate, pH 6.8. The phosphatidylcholine transfer protein eluted at V /V = 1.8. Final purification
was obtained by applying the active fractions to a hydroxy apatite
column (1-5 mg protein/ml hydroxy apatite). The protein was eluted
with a linear gradient of 10 mM potassium phosphate to 300 mM
potassium phosphate, pH 6.8 ( 2 x 5 column volumes). Pure phosphatidylcholine transfer protein eluted at about 180 mM potassium
phosphate. Protein concentrations were determined by using the
method of Lowry et al. (4) with bovine serum albumin as standard.
4.2. Purification of the non-specific lipid transfer protein
The protein was assayed by- measuring the phosphatidylethanolamine transfer activity as described in section 3.3. Protein was
measured by the method of Lowry et at. (4) .
Fresh rat livers (500 g) were rinsed with buffer (0.25 M
sucrose/0.001 M EDTA/0.01 M Tris-HCl, pH 7.4) to remove blood and
a 30% (w/v) homogenate was prepared. The homogenate was centrifuged
in a WKF (model G50K) centrifuge at 12 000 xg for 20 min. The supernatant was adjusted to pH 5.1 with 3 M HC1 and allowed to stand for
30 min with stirring, after which the precipitated protein was
removed by centrifugation as above. The supernatant was adjusted
to pH 7.2 with 1 M Tris and solid ammonium sulfate was added to 90%
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saturation. These and all subsequent steps were performed at 4°C.
After stirring for 3-4 h the precipitated proteins were sedimented
by centrifugation in a Sorvall GSA rotor at 16 000 xg for 20 min.
The pellet was dissolved in a small volume of 10 mM Tris-HCl,
pH 7.6, and extensively dialyzed against the same buffer.
Packed wet DEAE-cellulose, previously equilibrated with 10 mM
Tris-HCl, pH 7.6, was added to the dialysate at a ratio of 1 ml
DEAE-cellulose per 2 ml dialysate. After gentle stirring overnight
the DEAE-celluloss was sedimented by centrifugation in the Sorvall
GSA rotor at 10 000 rev./min for 20 min. 2-Mercaptoethanol and
glycerol were added to the supernatant to a final concentration of
5 mM and 10% (v/v), respectively, and this fraction was concentrated to approximately 70 ml with Ficoll or Aquacide.
The concentrated fraction was applied to a Sephadex G-50
column (6 x 80 cm) equilibrated with 10 mM potassium phosphate/
5 mM 2-mercaptoethanol/10% (v/v) glycerol. The column was eluted
with the same buffer at a flow rate of 60 ml per hour. Fractions
active in phosphatidylethanolamine transfer eluted at V_/V_ = 1.7.
e o
The combined active fractions were applied to a hydroxy
apatite column (10 x 2 cm) equilibrated with 10 mM potassium phosphate, pH 6.8/5 mM 2-mercaptoethanol/10% glycerol (v/v). The
protein was eluted at a flow rate of 15 ml per h with a linear
gradient (2 x 150 ml) of 10-300 mM potassium phosphate/5 mM
2-mercaptoethanol/lO% glycerol (v/v). Active protein eluted at
about 150 mM potassium phosphate. The purified protein was stored
in 100 mM potassium phosphate/5 mM 2-mercaptoethanol/50% glycerol
(v/v).
5.

IMMUNOLOGICAL METHODS

5.1. Immunisation with phosphatidytaholine trans fey protein
New Zealand white rabbits (weight 2.5 kg) were immunized with
a 2 ml emulsion of 1 vol. of isotonic saline containing 600 ug rat
liver phosphatidylcholine transfer protein and 1 vol. of Freund's
complete adjuvant. Portions of 0.2 mi were injected intradermally
in the back and shoulders. After 7 weeks a booster injection of
300 vg phosphatidylcholine transfer protein in isotonic saline was
given subcutaneously. If necessary, the booster injection was
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repeated once after an additional 2 weeks, usually, the rabbits
were exsanguinated 2-2% months after the primary immunization.
5.2. Immunization with non-specific lipid transfer protein
Non-specific lipid transfer protein (0.1 mg) was dialyzed
against 0.9% (w/v) NaCl. This solution (1 ml) was added to a test
tube coated with a film of egg phosphatidylcholine (1 mg). After
vortexing the solution was sonicated for 1 min. The ensuing antigen suspension was emulsified with an equal volume of Freund's
complete adjuvant and injected intradermally in multiple spots
on the back of a female New Zealand rabbit. After 4 weeks this
immunization procedure was repeated. After another 4 weeks a subcutaneous booster injection was given of 0.1 mg of transfer
protein in 0.9% (w/v) NaCl, suspended by sonication with 1 mg of
egg phosphatidylcholine. Ten days afterwards, blood was collected
from the ear veins and serum was prepared. During the following
year the animals were boosted at two-month intervals, which
resulted in a gradual increase in titer of the antiserum. Sera
were screened for the production of antibodies by enzyme linked
immunosorbent assay (13) .
5.3. Preparation of immunoadsorbents
Zmmunoadsorbents used for affinity chromatography were prepared by covalently coupling either transfer protein or total IgG
fraction to Sepharose 4B. Sepharose 4B was activated with cyanogen
bromide according to the procedure of March et at. (14) . Sepharose
4B was washed with distilled water and suspended in 2 mM potassium
carbonate (2 ml per g wet weight cf Sepharose). This suspension was
gently stirred at 4°C. A fresh solution of cyanogen bromide in
acetonitril (2 g/ml) was added to the Sepharose suspension (50 yl
per g wet weight) and after 2 min the Sepharose was washed on a
glass filter with cold distilled water and subsequently with cold
0.1 M NaHCO3/0.5 M NaCl (pH 8.3). The protein to be coupled had
been dialyzed overnight against the same buffer. The activated
Sepharose 4B (1-2 g wet weight per mg of protein) was added to
the protein solution and this suspension was gently stirred overnight at 4°C. Then the Sepharose 4B was washed once with 0.1 M
NaHCO3/0.5 M NaCl (pH 8.3) and resuspended in 1 M ethanolamine
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(pH 8.0) to block the remaining active groups. After 2 h the
Sepharose 4B was washed on a glass filter with 0.1 M NaHCO3/0.5 M
NaCl (pH 8.3) and subsequently with 0.5 M NaCl/0.1 M sodium acetate-acetic acid (pH 4.0). This washing procedure was repeated
four times to ensure complete removal of non-bound protein. Thereafter the Sepharose was washed extensively with 0.15 M NaCl/0.01 M
sodium phosphate (pH 7.2) and stored at 4°C in this buffer after
the addition of 0.02% (w/v) sodium azide.
5.4. Isolation of IgG from serum
Sera were obtained by allowing the blood to clot for 1 h at
37°C and the clot to retract at 4°C. After centrifugation to
remove the residual red blood cells the sera were dialyzed against
15 mM potassium phosphate buffer (pH 8.0), and applied to a DEAEcellulose column (1 ml serum/5 ml DEAE cellulose) equilibrated with
the same buffer. The IgG fraction, which elutes in the void volume,
was stored in small aliquots at -20°C or further purified by
affinity chromatography.
5.5. Isolation of specific IgG by affinity chromatography
Specific IgG fractions were obtained by affinity chromatography. Phosphatidylcholine transfer protein (1 mg) or non-specific
lipid transfer protein (1 mg) was coupled to 2 g (wet weight)
cyanogen bromide-activated Sepharose 4B. A small column was packed
with this material in phosphate—Juff red saline (0.15 M NaCl/0.01 M
sodium phosphate, pH 7.2) . The column was washed with 5 column
volumes each of phosphate-buffered saline, 0.15 M NaCl/0.5 M
formic acid (pH 2.0) and phosphate-buffered saline. Then 30-150 mg
of the crude IgG fraction in 0.015 M potassium phosphate (pH 8.0)
was applied to the column with a flowrate of 1-2 column volumes per
h. The non-bound protein was removed by washing the column with
phosphate-buffered saline and the specific IgG was eluted with
0.15 M NaCl/0.5 M formic acid (pH 2.0), as described by Yang et al.
(15). Protein-containing fractions were immediately neutralized
with 1 M Tris-HCl (pH 8.0), dialyzed overnight against phosphatebuffered saline and stored in small aliquots at -20°C.
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5.6. Badioiodination of pkosphatidylakoline transfer protein
Transfer protein was labeled with 1 2 S i using a solid phase
lactoperoxidase/glucose oxidase enzyme system (enzymobeads). To
a 1 ml Pyrex tube were added in this order: 50 ul of the enzymobead suspension, 50 ul 0.2 M sodium phosphate (pH 7.4), 40 ul
(12 ug) phosphatidylcholine transfer protein, 10 yl (1 mCi) of
carrier-free Na 1 2 5 I solution and finally, 50 ul 2% D-glucose
solution. The reaction was allowed to proceed for 30 min at
ambient temperature and was then terminated by sedimentation of the
enzymobeads at 2000 xg for 5 min. The supernatant was immediately
transferred to a 1 ml affinity column, containing 1 mg crude igG
coupled to Sepharose 4B. The column was washed with 0.05 M
sodium phosphate (pH 7.4), containing 0.5% bovine serum albumin,
until the eluate was free of radioactivity. The bound 125I-labeled
phosphatidylcholine transfer protein was eluted with 0.1 M glycineHCl (pH 2.8) containing 0.5% bovine serum albumin. The eluate was
immediately neutralized with 1 M Tris-HCl (pH 8.0) and dialyzed
overnight against 0.05 M sodium phosphate (pH 7.4). After dialysis,
87% glycerol was added to a final concentration of 55% and the
labeled protein was stored at -20°C. Under these conditions, the
protein retained its immunoreactivity for several months.
In an alternative procedure the protein was labeled with
iodogen essentially as described in Ref. 16. Iodogen (1 mg) was
dissolved in 25 ml of dichloromethane. An aliquot (50 yl) was
pipetted into a 1 ml Pyrex tube and dried under nitrogen. Then
10 ul 0.05 M sodium phosphate (pH 7.4) was added, followed by 10 ul
(1 mCi) Na 1 2 5 I solution and 40 yl (12 yg) transfer protein. After
a 10 min incubation at room temperature 0.5 ml of phosphate
buffer was added and after another 15 min the labeled transfer
protein was purified by affinity chromatography as described
above.
5.7. Radioimmunoassay fop the phosphatidylaholine transfer protein
The buffer used consisted of 0.05 M sodium phosphate (pH 7.2),
1% (v/v) Triton X-100, 0.5% (w/v) bovine serum albumin and 0.02%
tw/v) sodium azide. This assay buffer was used to make all dilutions. To 3 ml polystyrene tubes were added: (a) 0.2 ml of sample
to be assayed (standard PC-transfer protein solution, tissue
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homogenate or subcellular fraction). (b) 0.1 ml specific anti-PCtransfer profcein-IgG, diluted with assay buffer to give 30-40%
binding of J25I-labeled PC-transfer protein in the absence of
unlabeled PC-transfer protein, (c) 0.1 ml 125I-labeled PC-transfer
protein diluted with assay buffer supplemented with aprotinin
(2000 kallikrein inactivator units/ml).
After mixing the contents of the tubes, incubation was performed at 4°C for 16-48 h. Antibody-bound 125I-labeled PC-transfer
protein was precipitated with the aid of S. aureus cells. These
cells were washed three times just before use by suspending them
in assay buffer and centrifuging for 10 min at 14 000 xg. After
the final washing step, a 1% (w/v) suspension in assay buffer was
made and 0.05 ml of this suspension was added to the assay tubes.
After incubation for 15-30 min at room temperature, 2 ml of assay
buffer was added and the tubes were centrifuged for 10 min at
3000 xg. The supernatant was decanted and the radioactivity in
the pellet determined by counting in a Packard autogammacounter.
Counts bound were expressed as a percentage of the total radioactivity added and plotted against the amount of unlabeled PCtransfer protein. The standard curve was determined in duplicate;
samples were assayed at six different dilutions.
In an alternative procedure antibody-bound 125I-labeled PCtransfer protein was precipitated with the aid of a solid-phase
goat anti-rabbit IgG suspension (immunobeads); 0.2 ml of this
suspension was added to the assay tubes. After incubation for 2 h
at room temperature, 2 ml of assay buffer was added and the tubes
were centrifuged for 5 min at 3000 xg. The further procedure was
as described above.
5.8. Enzyme immunoassay for the non-specific lipid transfer protein
As an essential step in the enzyme immunoassay the samples
were heated at 90°C for 5 min. Coagulated protein was removed by
centrifugation for 10 min at 20 000 xg. Prior to heating, the
105 000 xg supernatant fractions were diluted with 0.1% (w/v)
bovine serum albumin in phosphate-buffered saline to a sample
protein concentration of less than 1 mg/ml. The admixture with
bovine serum albumin prevented the loss of non-specific lipid
transfer protein by aspecific coprecipitation. Homogenates and
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subcellular membrane fractions were treated in a similar way,
except that sodium deoxycholate was added to a final concentration
of 0.05% (w/v) to ensure a complete release of membrane-bound
transfer protein. The heat-treated samples were further diluted
with 0.1% (w/v) bovine serum albumin in phosphate-buffered saline
so that measurable levels of transfer protein were obtained.
Standard curves were prepared of non-specific lipid transfer
protein diluted in the same albumin containing phosphate buffer.
In the instance where samples contained 0.05% (w/v) deoxycholate,
care was taken that this detergent concentration was maintained
upon further dilution. Samples for the standard curve also contained 0.05% (w/v) deoxycholate. The samples (0.1 ml) were pipetted into the wells of a microtiter plate and this plate was incubated in a humid atmosphere for 1 h at 37°C. Then the plate was
washed six times with phosphate-buffered saline, containing 0.05%
(w/v) Tween-20 (buffer A ) . Washing involved pouring the buffer on
the plate followed by flicking it off. Then all wells were incubated with 0.1 ml of buffer A, containing specific IgG at the
desired concentration and 1% (w/v) bovine serum albumin. Incubation was performed for 1 h at room temperature. The plate was
washed six times with buffer A and then all wells received 0.1 ml
of a solution of goat anti-rabbit IgG conjugated with horse
radish peroxidase, diluted 1:1000 in buffer A containing 1% (w/v)
bovine serum albumin. After 1 h incubation at room temperature
the plate was washed six times with buffer A and 0.1 ml of
substrate solution was added to each well. The substrate solution
contained 0.04% (w/v) O-phenylene diamine and 0.012% (w/v) H 2 O 2
in 0.05 M phosphate/0.025 M citrate buffer (pH 5.0). Incubation
was performed for 30 min at room temperature in the dark. Then an
aliquot (0.08 ml) was drawn from each well and mixed with 1 ml of
1 M H2SOi» to stop the reaction. Optical density was read at 492 nm.
The standard curves were based on six dilutions of pure nonspecific lipid transfer protein measured in guadruplo. In the assay,
six dilutions of the samples were used, measured in duplo.
5.9. Immunoeleatroyhoresis
Immunoelectrophoresis, according to Grabar and Williams (17),
was performed on microscope slides covered with 1.5 mm 1% (w/v)
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agarose as described previously

(18). A veronal buffer

of ionic strength 0.025, containing 0.02%

(pH 8.6)

(w/v) sodium azide was

used. Electrophoresis was carried out for 2 h with a potential
drop of 6 V/cm in the gel. After electrophoresis the central
trough was filled with 0.1 ml specific IgG and the precipitation
pattern was allowed to develop at room temperature, in a humid
atmosphere. After 2-5 days, the slides were extensively washed
with 0.1 M sodium chloride and distilled water, dried and stained
with coomassie brilliant blue as described (19).
5.10. Immunotitvation

of phosphatidylaholine

transfer

activity

Purified rat and beef liver phosphatidylcholine transfer
protein and 105 000 xg supernatants of rat liver and Morris
hepatomas were incubated with increasing concentrations of preimmune and anti-phosphatidylcholine transfer protein IgG. Immunoglobulin fractions were dialyzed against SET buffer before use.
1% (w/v) bovine serum albumin was added to the incubations with
the pure prctsins and 0.2% with the supernatants to prevent
denaturation during the incubation. After the incubation, the
tubes were put on ice for 2-3 h and subsequently assayed for
phosphatidylcholine transfer activity for 30 min at 37°C.
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CHAPTER 3
PHOSPHOLIPID TRANSFER ACTIVITIES IN MORRIS HEPATOMAS
AND THE SPECIFIC CONTRIBUTION OF THE
PHOSPHATIDYLCHOLINE TRANSFER PROTEIN

INTRODUCTION
Isotopic labeling studies and studies with purified subcellular fractions have established that the endoplasmic reticulura
is the main site of phospholipict biosynthesis in eukaryotic cells
(1-5). Proteins present in the cytosol fraction of tissue homogenates and capable of catalyzing transfer of phospholipids in
vitro have been implicated in the intracellular transport of phospholipids from their site of synthesis to membranes not capable of
de novo lipid synthesis (6). As yet, no direct proof for such a
role is available, although there is indirect evidence suggesting
a link between phospholipid transfer activities and phospholipid
biosynthesis in developing mouse lung (7) and in rat brain (8).
In our laboratory we are investigating the possible relationship between phospholipid metabolism and phospholipid transfer
proteins in three Morris hepatomas of various growth rates. Many
abnormalities in composition and total content of phospholipids of
intracellular and plasma membranes of hepatomas are known (9-15) .
Recently, a report appeared describing the presence of a tumour
specific transfer protein, capable of transporting all phospholipids. This protein was held responsible for the observed
"chemical dedifferentiation" óf the hepatoma membranes (16) . In
order to quantitate the levels of different transfer proteins in
the various Morris hepatomas, we are currently raising antisera
against all known phospholipid transfer proteins from rat liver.
Here we report on the purification of the phosphatidylcholine
specific transfer protein, some of its characteristics in comparison
to the phosphatidylcholine transfer protein from bovine liver, and
its contribution to the total phosphatidylcholine transfer activity
in normal liver and hepatomas, as determined by the use of antisera. In addition, data are presented on the phosphatidylinositol
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and phosphatidyiethanolamine transfer activities in normal and
host liver and in the Morris hepatomas.
MATERIALS AND METHODS
Materials
The phosphatidylcholine transfer protein from rat liver was
purified as described in Chapter 2, section 4.1. The corresponding
protein from bovine liver was purified by following the procedure
of Kamp and Wirtz (17) and Wirtz et al. (18). All other materials
and reagents have been described in Chapter 2, section 1.
Methods
Determination of -purity and molecular weight of the phosphatidylcholine transfer protein
To determine the purity of the phosphatidylcholine transfer
protein, polyacrylamide gel electrophoresis in acid buffer as described by Gabriel (19) and sodium dodecyl sulfate gel electrophoresis as described by O'Farrell (20) were employed. Sodium
dodecyl sulfate gels, 12.5% in acrylamide, were used for the molecular weight determination. a-Lactalbumin (Mr 14 400), trypsin
inhibitor (Mr 20 100), carbonic anhydrase (Mr 30 000), ovalbumin
(Mr 43 000) and albumin (Mr 67 000) obtained from Pharmacia and
cytochrome c (Mr 12 500), papain (Mr 23 400) and bovine serum
albumin (Mr 68 000) obtained from Boehringer (Mannheim, F.R.G.),
were used as standard proteins.
Amino acid analysis
Aliquots of 2 nmol of lyophilized phosphatidylcholine transfer
protein were hydrolyzed in 6 N HC1 in vacuo at 110°C for 24, 48 and
72 hours. The amino acid composition was determined on a Technicon
TSM amino acid analyser. Cysteic acid was determined after peroxidation with performic acid (21).
Immunodiffusion
Double immunodiffusion on 1% agarose gels was performed according to Ouchterlony and Nilsson (22).
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Ix
1)
2)
3)
4)
5)

The following methods, presented in Chapter 2, were used:
assay of phospholipid transfer activity (sections 3.1-3.3)
immunization against the phosphatidylcholine transfer protein
from rat liver (section 5.1)
purification of immunoglobulin G from serum (section 5.4)
preparation of 105 000 xg and pH 5.1 supernatants from rat
liver and hepatomas (section 2.7)
immunotitration of phosphatidylcholine transfer activity
(section 5.10)

RESULTS
Purification and characterization of the phosphatidylaholine
transfer protein from rat liver
Table I gives a summary of the purification procedure. A final
purification factor of 5300 was obtained and the overall recovery
was 17% with respect to the pH 5.1 supernatant. Starting with
48.8 g of pH 5.1 supernatant protein, which is equivalent to 1.5
kg rat liver, one obtains about 1.5 mg of pure phosphatidylcholine
transfer protein. This protein is specific for phosphatidylcholine;
no phosphatidylinositol or phosphatidylethanolamine transfer activity could be measured with the assay systems described above. On
DEAE-cellulose and polyacrylamide electrophoresis in acid buffer
it behaves like a basic protein. This is in accordance with the

TABLE I
PURIFICATION OF PHOSPHATIDYLCHOLINE TRANSFER PROTEIN FROM RAT LIVER
Protein
(mg)

pH 5.1 supernatant
60% ammonium sulfate
DEAE-cellulose
90% ammonium sulfate
pH * 5.0
CM-cellulose
Sephadex G-50
Hydroxyapatite

Specific activity
(% transport/mg
protein)

4.9
7.7

48 800
21 480
5 880
4 920
1 240
16.2
1.54

20.0
26.3
74.8
2 580
26 000
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Recovery

(%)

Purification
(-fold)

100
70
50

1
1.6
4.1

54
27

15.3

17.5
17.0

5.4
526
5 300

isoelectric point of 8.4, previously published (23,24), The final
protein fraction was homogeneous as judged by both polyacrylamide
electrophoresis and sodium dodecyl sulfate gel electrophoresis.
The molecular weight was estimated to be 28 000 and was virtually
the same as that of the bovine phosphatidylcholine transfer protein (see Fig. 1 ) . This value is higher than the molecular weight
of 16 000 found by Lumb et al. (23).

100.000

10.000

12
3 4 5 6 7 8
RELATIVE MIGRATION DISTANCE

Fig. 1.
Spmilogarithmic plot of molecular weight vs. relative migration distance of
standard proteins and rat (I) and bovine (II) phosphatidylcholine transfer
protein. The following standard proteins were used: phosphorylase b M r 94 00
(a), bovine serum albumin M r 67 000 (b), ovalbumin M r 43 000 (c), carbonic
anhydrase M r 30 000 (d), trypsin inhibitor M r 20 000 (e) and a-lactalbumin

The amino acid composition of the phosphatidylcholine transfer protein is given in Table II, column A. For comparison the
amino acid compositions of the rat liver phosphatidylcholine
transfer protein purified by Lumb et al. (23), recalculated on the
basis of a molecular weight of 28 000 and of the bovine protein
published by Moonen et al. (25), are included (columns B and C,.
respectively). Since very few differences were found between the
amino acid compositions determined after 24, 48 and 72 hours of
hydrolysis, our data represent an average value. The amino acid
composition of our protein is similar to that published by Lumb
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TABLE II
AMINO ACID COMPOSITION OF PURIFIED
RAT LIVER PHOSPHATIDYLCHOLINE TRANSFER PROTEIN (A) .
COMPARISON WITH PREVIOUSLY PUBLISHED DATA ON RAT (B) AND BOVINE (C)
PHOSPHATIDYLCHOLINE TRANSFER PROTEINS
Amino acid

A

B*

C**

Lysine
Histidine
Arginine
Tryptophan
Aspartic acid and asparagine
Threonine
Serine
Glutamic acid and glutamine
Proline
Glycine
Alanine
Half cystine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine

20
6
9
n.d.+
21
11
30
32
13
28
14
3
17
4
11
15
9
8

23
10
10
n.d.+
19
9
23
28
12
26
17
3-4
14
4
9
16
9
9

20
3
10
4
21
7
15
35
13
17
17
4
21
5
6
21
15
10

Total

251

242

244

* Ref. 23
**Ref. 25
+ n.d., not determined

et at. (23), with the exception of a higher serine and a lower
histidine content. In spite of the fact that the bovine phosphatidylcholine transfer protein is acidic, the amino acid composition
of the rat and bovine proteins are rather similar (columns A and C ) .
However, the rat liver protein has a much higher serine, glycine and
histidine content. Smaller differences are observed in the tyrosine,
leucine and isoleucine contents.
Immunization of rabbits with the rat liver phosphatidylcholine transfer protein resulted in a very active highly specific
antiserum. Fig. 2 shows the result of a double-immunodiffusion
experiment with the purified IgG fraction from anti-rat liver phosphatidylcholine transfer protein antiserum and the rat and beef
liver phosphatidylcholine transfer proteins. With the rat liver
proteins a single precipitin line is seen. The absence of a preci-
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Fig. 2.
Double-immunodiffusion experiment according to the method of Ouchterlony and
Nilsson (22). The centre well contained 150 yg of anti-rat liver phosphatidylcholine transfer protein IgG. Wells 1 contained 7.5 ug rat liver phosphatidylcholine transfer protein and wells 2, 7.5 vg of bovine liver phosphatidylcholine transfer protein.

pitin line with the beef liver protein shows that the IgG fraction
is not cross-reactive. With pH 5.1 supernatants from rat liver also
one single precipitin line was observed which showed a reaction of
identity with pure rat liver protein. No precipitin line was observed with IgG from preimmune serum (results not shown).
Fig. 3 shows the results of an inhibition experiment where
fixed amounts of phosphatidylcholine transfer protein from rat and
beef liver were incubated with increasing amounts of anti-rat
liver phosphatidylcholine transfer protein antiserum prior to
assaying for transfer activity. Complete inhibition of the rat liver
protein transfer activity was seen at an IgG protein/transfer
protein ratio of 20-50 (w/w). The activity of the beef liver protein
was not inhibited, confirming the results of the double-immunodiffusion experiment. These data show that we have obtained a very
active antiserum which is highly specific for the rat liver phosphatidylcholine transfer protein.
Phospholipid transfer activities in hepatomas
Phosphatidylcholine, phosphatidylinositol and phosphatidylethanolamine transfer activities were measured with 105 000 xg
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0 1 2 3
LOG (Ig G PROTEIN/PC -TP)
Fig. 3.
Effect of anti-rat liver phosphatidylcholine transfer protein IgG on the
activities of rat (•
•) and bovine (o
o) phosphatidylcholine transfer
proteins. 3 vig of transfer protein were incubated with increasing amounts of
IgG and assayed for activity as described in Materials and Methods. Results
are expressed as % residual activity vs. log (IgG/transfer protein).

supernatants from liver of control r a t s , host liver and Morris
hepatomas 7777, 9633 and 7787. The activities as presented in
Table I I I are expressed relative to normal liver. No significant
difference was observed between host and normal liver in any of
the three phospholipid transfer activities measured. Phosphatidylcholine and phosphatidylinositol transfer activities were increased 2.5- and 2-fold, respectively, in the supernatant of the
fast-growing 7777 hepatoma. The activities were not increased or
only to a moderate degree increased in the supernatants of the
slow-growing 9633 and 7787 hepatomas. Most interestingly, the
phosphatidylethanolamine transfer activity, as measured with the
mitochondria-liposome assay, was virtually absent in a l l thres
tumours.
The anti-rat liver phosphatidylcholine transfer protein IgG
has been used to determine the relative contribution of the phosphatidylcholine transfer protein to the total phosphatidylcholine
transfer activity in normal liver, 7777 and 9633 hepatomas
(Fig. 4). From the results i t can be seen that the phosphatidyl-
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TABLE I I I
PHOSPHOLIPID TRANSFER ACTIVITIES IN 105 000 xg SUPERNATANTS OF
MORRIS HEPATOMAS 7777, 9633, 7787 AND HOST LIVERS AS COMPARED TO
NORMAL LIVER
P h o s p h a t i d y l c h o l i n e , p h o s p h a t i d y l i n o s i t o l and phosphatidylethanolamine t r a n s f e r
a c t i v i t i e s were measured a s d e s c r i b e d i n M a t e r i a l s and Methods.
Specific transfer activities are expressed in arbitrary units relative to
normal liver.

Phosphatidylcholine
transfer activity

Phosphatidy1inositol
transfer activity

Phosphatidylethanolamine
transfer activity

Normal liver

100

100

100

Host liver
Hepatoma 7777

120
255

110
190

90
5

Host liver
Hepatoma 7787

110
170

110
130

80
15

Host liver
Hepatoma 9633

105
95

100
120

90
10

choline transfer protein contributes 50% to the activity in rat
liver (Fig. 4A). No difference was observed between host liver
and normal liver. In the 7777 hepatoma, phosphatidylcholine transfer protein accounted for 60% of the total phosphatidylcholine
transfer activity (Fig. 4B). Thus, the transfer activity of the
phosphatidylcholine transfer protein in the 7777 supernatant is
increased to approximately the same degree as the total phosphatidylcholine transfer activity. A different pattern is seen in
the 9633 hepatoma (Fig. 4C). Here, the phosphatidylcholine
transfer protein activity comprises only 30% of the total phosphatidylcholine transfer activity and there is a specific decrease both in relative and absolute amounts of phosphatidylcholine transfer protein as compared to normal and host liver
(see also Table I I I ) .
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Fig. 4.
Effect of anti-rat liver phosphatidylcholine transfer protein IgG on the
phosphatidylcholine transfer activity in 105 000 xg supernatants of normal rat
liver (A) and hepatomas 7777 (B) and 9633 (C). 2.5 mg of supernatant protein
were incubated with increasing amounts of IgG and assayed for activity as described in Materials and Methods. Results are expressed as % residual activity
vs. log (IgG/supernatant protein).

DISCUSSION
In t h i s chapter data are presented on the phospholipid t r a n s fer a c t i v i t i e s in Morris hepatomas of various growth r a t e s with an
emphasis on the a c t i v i t y of phosphatidylcholine t r a n s f e r p r o t e i n .
To determine the contribution of t h i s protein t o the t o t a l phosphat i d y l c h o l i n e t r a n s f e r a c t i v i t y , an antiserum against t h i s protein
has been r a i s e d . In a previous study we reported on the use of
antiserum against the phosphatidylcholine t r a n s f e r protein from
bovine l i v e r (26). This antiserum was not c r o s s - r e a c t i v e with the
phosphatidylcholine t r a n s f e r protein in the 105 000 xg supernatant
from r a t l i v e r . Therefore, we developed a procedure to purify the
phosphatidylcholine specific t r a n s f e r protein from r a t l i v e r in
order to obtain a specific antiserum. This procedure y i e l d s a
homogeneous protein which was purified 5300-fold, and leads to a
much higher recovery of phosphatidylcholine t r a n s f e r protein than
the method previously published (17% compared to 2%, Ref. 23).
With t h i s protein we obtained a very a c t i v e antiserum which was
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highly specific; no cross-reactivity with the bovine liver phosphatidylcholine transfer protein was found, despite similarities
in amino acid composition, molecular weight and phospholipid
transfer specificity.
Although all eukaryotic cells contain phospholipid transfer
proteins, little is known about their physiological role. Our
hypothesis is that in vivo these proteins act as carriers of
phospholipids between the endoplasmic reticulum and membranes not
capable of de novo phospholipid synthesis, for example, mitochondria (6). Membrane alterations in phospholipid content and
composition could possibly be related to changes in levels and
relative distribution of phospholipid transfer proteins. The well
described changes in the phospholipid content and composition of
mitochondria from hepatomas prompted us to investigate this relationship. Table IV gives the data obtained by Hostetler et al.
(15) on the content of phospbatidylcholine, phosphatidylinositol
and phosphatidylethanolamine in mitochondria of normal liver and
of 7777, 7787 and 9633 Morris hepatomas. A doubling of the phosphatidylcholine content in the mitochondria of the fast-growing
7777 hepatoma, a moderate increase, and no increase in the welldifferentiated hepatomas 7787 and 9633, respectively, were
observed. As for the phosphatidylinositol content, only the mitochondria of the 7777 hepatomas demonstrated a 2-fold increase. It
is of interest that the levels of phosphatidylcholine and phosphatidylinositol transfer protein activity in these tumours parallel
these changes in phospholipid content (cf. Table III).
The 2.5-fold increase in the phosphatidylcholine transfer
activity in Morris 7777 hepatoma led us to investigate whether
this increase was due to the phosphatidylcholine transfer protein.
Inhibition studies with the anti-rat liver phosphatidylcholine
transfer protein IgG demonstrated that the relative contribution
of this protein was very similar in liver and in this hepatoma.
This implies that in absolute terms the phosphatidylcholine
transfer protein has increased 2.5-fold in Morris 7777 hepatoma.
Although in the 9633 hepatoma the total phosphatidylcholine
transfer activity is similar to normal liver, only 30% could be
attributed to the phosphatidylcholine transfer protein. It remains
to be established which transfer proteins are responsible for the
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TABLE IV
PHOSPHOLIPID CONTENT OF MITOCHONDRIA OF NORMAL LIVER AND HEPATOMAS 7777, 7787
AND 9633
Results are expressed as nmol lipid phosphorus/mg protein and are the means ±
S.D. Results are taken from Ref. 15.
Phospholipid

Normal liver

7777

7787

9633

Phosphatidylcholine

66.9 ± 7.0

126.0±14.0

99.5* 1.5

70.9* 2.7

Phosphatidylinositol

15.5 ± 1.4

30.4± 7.6

15.3± 1.1

11.1* 1.4

Phosphatidylethanolamine

64.9 ± 6.5

107.0± 16.0

106.0± 18.0

88.8± 14.5

remaining phosphatidylcholine transfer activity found in these
hepatomas.
Phosphatidylethanolamine transfer activities were very low in
all three hepatomas compared to normal and host liver (Table III).
It is of interest that this activity is low, irrespective of
the growth rate and degree of differentiation of these tumours.
Phosphatidylethanolamine transfer activity is most probably due to
the non-specific (phospho)lipid transfer protein described by Bloj
and Zilversmit (27) . Low levels of this protein could be transformation-linked as is suggested for another small molecular weight
binding protein, the fatty acid binding protein (28) . As is seen
from Table IV, phosphatidylethanolamine levels are increased in
the mitochondria of all three hepatomas. So, contrary to those of
phosphatidylcholine and phosphatidylinositol, the levels of phosphatidylethanolamine do not parallel the levels of the phosphatidylethanolamine transfer activity. If the non-specific transfer
protein is involved in the transport of phosphatidylethanolamine,
this protein is apparently not required in hepatomas. One explanation could be that tumour mitochondria have an independent way of
synthesizing phosphatidylethanolamine, which is not present in
normal liver. This was actually shown to be the case for the
mitochondria of the 7777 hepatoma which can synthesize phosphatidylserine by base-exchange, a pathway normally active only in
the endoplasmic reticulum (29) . This newly formed phosphatidyl-
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serine can be decarboxylated to phosphatidylethanolamine by the
mitochondrial phosphatidylserine deoarboxylase. Low levels of
non-specific transfer protein could also have some bearing on the
intracellular cholesterol transport, since this protein is also
capable of transferring cholesterol between membranes in vitro
(27). This is of particular interest in view of the abnormal
control of cholesterol synthesis which is a common feature of
most hepatomas (28).
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CHAPTER 4
MEASUREMENT OF PHOSPHATIDYLCHOLINE TRANSFER PROTEIN
IN RAT LIVER AND HEPATOMAS BY RADIOIMMUNOASSAY

INTRODUCTION
To study the physiological role of phospholipid transfer
proteins sensitive and specific assay systems are indispensable.
In order to determine the levels of these proteins various assays
have been developed, all based on the in vitro transfer of phospholipids between donor and acceptor membrane systems (for a review,
see Ref. 1 ) . Since some transfer proteins transfer more than one
class of phospholipids, it is not always possible to quantitate a
particular transfer protein in a crude supernatant by measuring
transfer activity. Use of specific antisera against the various
transfer proteins enables one to determine the contribution of each
protein to the transfer of a certain phospholipid species. Immunotitration of transfer activity has been done for the phosphatidylcholine transfer protein from rat liver (2,3), and bovine liver
(4,5), and for the phosphatidylinositol transfer protein from
bovine brain (4). This technique is laborious and requires relatively large amounts of antiserum. A direct way to determine the levels
of the different transfer proteins, with the additional advantage
of high sensitivity, is the use of radioimmunoassays. In this paper
we describe a radioinununoassay for the phosphatidylcholine transfer protein from rat liver. Data are presented on the levels of
this protein in 105 000 xg supernatants from rat liver and Morris
hepatomas 7777, 7787 and 9633.
MATERIALS AND METHODS
Materials
The phosphatidylcholine transfer protein and the non-specific
lipid transfer protein from rat liver were purified as described
in Chapter 2, sections 4.1 and 4.2, respectively. The phosphatidyl-
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inositol transfer protein from rat liver was purified according to
an unpublished procedure (Poorthuis, B.J.H.M., unpublished results).
All other materials and reagents have been described in Chapter 2,
section 1.
Methods
Isolation of immunoveaotive proteins on Sepharose
4B-IgG
An aliquot of a 105 000 xg supernatant (1.8 g protein) from
rat liver was applied to a column containing 30 mg of immobilized
IgG. After washing the column with phosphate-buffered saline to
remove the non-bound proteins, the bound protein was eluted with
0.1 M glycine-HCl (pH 2 . 8 ) . This fraction was neutralized with 1 M
Tris-HCl (pH 8 . 0 ) , dialyzed against phosphate-buffered saline and
after concentration against dry Aquacide, it was analyzed by immunoelectrophoresis.
The following methods presented in Chapter 2, were used:
1)
2)
3)
4)
5)
6)
7)

assays of phosphatidylcholine and phosphatidylinositol transfer activity (sections 3.1 and 3.2)
preparation of immunoadsorbents (section 5.3)
purification of crude and specific immunoglobulin G fractions
(sections 5.4 and 5.5)
radioiodination of the phosphatidylcholine transfer protein
(section 5.6)
radioimmunoassay for the phosphatidylcholine transfer protein
(section 5.7) . Triton X-100 was excluded from the assay buffer
immunoelectrophoresis according to Grabar and Williams
(section 5.9)
preparation of 105 000 xg and pH 5.1 supernatants from rat
liver and Morris hepatomas (section 2.7)

RESULTS
Preparation and purification of 1Z5I-labeled
phosphatidyloholine
transfer
protein
The protein was iodinated by the mild glucose oxidase-lactoperoxidase procedure. Despite the fact that less than one tyrosine
per mole of protein was labeled, we repeatedly found that only 20%
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Fig. 1.
Titration of 125 I-phosphatidylcholine transfer protein with crude IgG (•
•)
and specific IgG (o
-o), prepared by affinity chromatography. 12=I-PC-TP
(12 000 cpm) was incubated with increasing amounts of IgG. After incubation for
16 hrs at 4°C IgG was precipitated with immunobeads as described in Materials
and Methods. Results are expressed as % 125 I-POTP precipitated vs. amount of
IgG added.

of the labeled protein was inununoprecipitable, after ramoval of
free 125 Iodide by chromatography on Sephadex G-25. To overcome
this problem, an affinity column was prepared from the crude a n t i phosphatidylcholine transfer protein IgG (anti-PC-TP-lgG) coupled
to Sepharose 4B. Non-immunoraactive 1 2 5 I-labeled protein and free
125
I were removed by applying the iodination mixture directly to
the affinity column.
After recovery of the bound 1 2 S I-labeled phosphatidylcholine
transfer protein (125I-PC-TP) more than 80% of the tracer was
immunoprecipitable (Fig. 1).
Purification of specific

anti-phosphatidylaholine transfer protein

IgG
In order to optimize the conditions for the radioimmunoassay,
specific anti-PC-TP-lgG was purified from a crude IgG fraction by
affinity chromatography (see Methods). Approximately 5% of the
crude IyG bound to the column and was eluted with 0.53 M formic
acid (pH 2.05). By measuring the amount of IgG needed to bind 50%
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of a fixed amount of 12SI-PC-TP the titer of the specific igG was
found to be 12 times higher than that of the crude IgG (Fig. 1 ) .
The main advantage of the use of specific IgG in the radioimmunoassay is that much less second antibody (immunobeads) is needed.

Fig. 2.
Comparative immiinoelectrophoresis according to the method of Grabar and Williams
(6). The upper well contained 5 pi pure phosphatidylcholine transfer protein
(300 yg/ml) and the lower well 5 pi immunoreactive material, extracted from a
105 000 xg supernatant from rat liver by affinity chromatography. After electrophoresis the central trough was filled with 0.1 ml (70 pg) specific anti-PC-TPIgG.

To investigate whether in addition to PC-TP rat liver contains other soluble proteins that bind to the specific IgG, the
following experiment was performed. A portion of the 105 000 xg
supernatant fraction from rat liver was applied to a small affinity
column consisting of specific IgG coupled to Sepharose 4B. The
immunoreactive fraction was recovered and compared to pure PC-TP
by immunoelectrophoresis. Figure 2 shows that the protein fraction
isolated from the 105 000 xg supernatant gave rise to the formation
of single precipitation arc corresponding to that of pure PC-TP.

50

0.1

10
100
TRANSFER PROTEIN (ng)

1000

Fig. 3A.
Dose-response curve for the radioimmunoassay of the phosphatidylcholine transfer protein (o
o ) . The effect of the phosphatidylinosxtol transfer protein
(•) and the non-specific phospholipid transfer protein (A) is also shown. See
Materials and Methods for experimental details. Results are expressed as %1 2 5 I PC-TP precipitated vs. amount of transfer protein.

100
SUPERNATANT PROTEIN

200

Fig. 3B.
Dilution study. Different amounts of 105 000 xg supernatant protein from a
7787 hepatoma were assayed for PC-TP by radioimmunoassay. Results are expressed
as amount of PC-TP vs. amount of supernatant protein assayed. Each point represents the mean of two determinations.
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Radioimmunoassay
Anti-PC-TP at a concentration that bound 45 to 65% of
PC-TP was utilized to develop a radioimmunoassay. Pure PC-TP
competed with 125 I-PC-TP for antibody binding in a concentration
dependent manner (Figure 3A). An operating range from 4 to 50 ng
of PC-TP was obtained. As expected, purified phosphatidylinositol
transfer protein and non-specific phospholipid transfer protein,
added in amounts as high as 400 and 1000 ng, respectively, did not
compete with 125 I-PC-TP (Fig. 3A) . With crude supernatants a
linear relationship was obtained between the amount of PC-TP
measured by the radioimmunoassay and th« amount of supernatant
protein added, indicating that only PC-TP in these supernatants
competed with the tracer (Figure 3B). Similar results were found
with pH 5.1 supernatants (results not shown).
To further check its specificity, the radioimmunoassay was
applied to 105 000 xg supecnatants from normal liver and hepatomas,
fractionated by molecular sieve chromatography. In addition, the
fractions were assayed for phosphatidylcholine- and phosphatidyl-
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Fig. 4.
Gelfiltration chromatography on ACA-54 of a 105 000 xg supernatant from a 7787
hepatoma. 210 mg of supernatant protein was applied. The column (400 ml) was
eluted with 0.02 M potassium phosphate (pH 7.0) at a flowrate of 20 ml/hour.
5 ml fractions were collected and assayed for phosphatidylcholine transfer
activity (•
• ) , phosphatidylinositol transfer activity (o
o) and tested
by the radioimmunoassay for PC-TP ( x — — x ) .
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inositol transfer activities. A typical example is shown in Fig. 4
for the hepatoma 7787. Two peaks of phosphatidylcholine transfer
activity were detected. The first one (fractions 38-48) coincides
with the phosphatidylinositol transfer activity and is due to the
phosphatidylinositol transfer protein; the second peak (fractions
60-68) is due to the phosphatidylcholine transfer protein. As one
can see, the radioimmunoassay only detected this second peak. However, in the void volume a small undefined peak without phosphatidylcholine transfer activity was detected by this assay. This
peak was observed in all hepatomas tested and in normal liver and
may affect the values obtained for PC-TP in crude supernatants by
the assay. Adjustment of the crude supernatants to pH 5.1 completely abolished the immunoreactive peak in the void volume (Figure 5 ) .
In order to ascertain that pH 5.1 treatment did not lead to a loss
of PC-TP, known amounts of pure PC-TP were added to the 105 000 xg
supernatants from normal liver and hepatomas before acid treatment.
The recoveries were determined by radioimmunoassay and ranged from
97 to 104%. Therefore, the pH 5.1 treatment was routinely included
before application of the radioimmunoassay to crude supernatants.
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Fig. 5.
Gelfiltration chromatography on ACA-54 of a 105 000 xg supernatant from normal
rat liver after pH 5.1 treatment. For experimental details, see the legend to
Figure 4. Fractions were tested for PC-TP by radioimmunoassay (x-- x ) .
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Levels of phosphatidyloholine transfer protein in hepatomas
The levels of PC-TP in 105 000 xg supernatants from the liver
of control rats, host livers and Morris hepatomas 7777, 7787 and
9633 were measured after pH 5.1 treatment by radioimmunoassay. The
data are expressed as ng of PC-TP per mg of 105 000 xg supernatant
protein and are presented in Table I (column A ) . The values obtained for host liver were all within the range observed for normal
liver. Only slight differences were found between normal liver and
the hepatomas 7777 and 7787. The level of PC-TP in hepatoma 9633
was very much reduced in comparison to that of host and normal liver.
Levels of PC-TP have also been calculated by immunotitration
of the phosphatidylcholine transfer activity in the 105 000 xg supernatant (Table I, column B ) . From the results it can be seen that
there is a close agreement between the data obtained by radioimmunoassay and the calculated values for the three hepatomas. However,
there is a discrepancy between the data obtained for normal and
host liver by these two methods. The values obtained by the radioimmunoassay are 2 to 4 times higher than those obtained by transfer activity measurements.

TABLE I
CONCENTRATIONS OF PHOSPHATIDYLCHOLINE TRANSFER PROTEIN IN
105 000 xg SUPERNATANTS FROM MORRIS HEPATOMAS 7777, 7787 AND 9633
AND NORMAL LIVER
Concentrations were measured by radioimmunoassay (column A) after pH 5.1
treatment of the 105 000 xg supernatant. The data from column B were
calculated from the contribution of PC-TP to the total phosphatidylcholine
transfer activity of the 105 000 xg supernatant as determined by immunotitration, and the specific transfer activity of pure PC-TP.
For details, see Reference 3.

A. Radioimmunoassay
B. Calculated
(ng PC-TP per mg 105 000 xg supernatant protein)
Normal liver
Hepatoma 7777
Hepatoma 7787
Hepatoma 9633

255
190
190
45

± 50
± 15
± 30
± 8

(n=4)
(n=2)
(n=3)
(n=3)

77
235
157
44

Values in column A are means ± S.D. The values for the host livers were all
within the range observed for normal liver.
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DISCUSSION
This chapter presents a radioimmunoassay for the measurement
of absolute levels of PC-TP in rat tissues. With this assay, it is
possible to detect amounts as low as 4 ng of PC-TP. This makes this
assay two orders of magnitude more sensitive than the common phospholipid transfer assays. In addition, the radioimmunoassay has an
absolute specificity for PC-TP. This represents a great advantage
over transfer assays as in crude supernatants all known phospholipid transfer proteins contribute to the total phosphatidylcholine
transfer activity (4,7,8).
The preparation of an immunoreactive tracer for the radioimmunoassay of PC-TP posed considerable problems. Initially, only
20% of the 125I-labeled protein prepared by the mild lactoperoxidase method could be precipitated by excess IgG under conditions
where less than one tyrosine residue per molecule was labeled.
Therefore, we purified the labeled protein by affinity chromatography on a column of anti-PC-TP-IgG coupled to Sepharose 43.
This yielded a tracer that was immunoprecipitable for more than
80%. Use of this tracer made the development of a reliable and
sensitive radioimmunoassay possible. Our results indicate that this
assay can be successfully applied to crude supernatants after pH 5.1
treatment.
In a first application the assay was used to determine the
levels of PC-TP in Morris hepatomas of various growth rates as
compared to normal and host liver (see Table I ) . From column A one
sees that the levels of PC-TP in Morris hepatomas 7777 and 7787 are
slightly lower than those in liver, while the levels in hepatoma
9633 are reduced to only 20% of the normal value. For comparison,
the levels calculated from data on immunotitration of phosphatidylcholine transfer activity published in a previous study (3)
are included. Both methods gave essentially the same results for
all three hepatomas. However, in normal and host livers the amount
of PC-TP measured by the radioimmunoassay was approximately three
times higher than calculated from the transfer activity. In this
respect, normal and host liver differ from these hepatomas.
A possible explanation is that a fraction of the PC-TP in
liver has no transfer activity, but is nevertheless immunoreactive.
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There are indications that inhibited forms of transfer proteins
exist. For instance. Kamp et al. (7) found at a certain stage of
the purification of PC-TP from bovine liver an increase of the
total activity recovered. Also in potato tuber (9) and the photosynthetic bacterium Rhodopseudomonas ephaevoides (10) transfer
activity, although absent in crude supernatants, could be detected
after gelfiltration chromatography and ammonium sulfate fractionation, respectively. Such inhibited forms of PC-TP would only occur
in normal and host livers, but apparently not in the hepatomas.
It is currently under investigation whether liver contains
modulators of PC-TP transfer activity which are absent from hepatomas .
The antiserum raised against PC-TP from rat liver was found
to be cross-reactive with PC-TP from other rat tissues. For instance, PC-TP from rat lung is completely inhibited by the antiserum (11). During the maturation of lung, an increase of phosphatidylcholine transfer activity was observed just before term (12).
We intend to use the radioimmunoassay to investigate in lung and
other tissues, whether changes in the levels of PC-TP occur during
growth and development.
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CHAPTER 5
TISSUE DISTRIBUTION AND SUBCELLULAR LOCALIZATION OF
PHOSPHATIDYLCHOLINE TRANSFER PROTEIN IN RATS AS DETERMINED BY
RADIOIMMUNOASSAY

INTRODUCTION
Eukaryotic cells contain proteins that in vitro facilitate
the transfer of phospholipids between membranes (1,2) . Phospholipid transfer proteins have been fully purified from bovine
liver (3,4), heart (5) and brain (6), rat liver (7,8,9) and hepatomas (10,11), and maize seedlings (12). According to which phospholipid is preferentially transferred these proteins are classified as phosphatidylcholine transfer protein (3,8), phosphatidylinositol transfer protein (5,6) , sphingomyelin transfer protein
(11), and non-specific phospholipid transfer protein (4,7,9). In
studies on the physiological role of these proteins a number of
observations have been made which suggest a relationship between
the activity of these proteins and certain aspects of membrane
development and phospholipid composition. An increase of phosphatidylinositol transfer activity was observed in rat brain which
coincided with the onset of myelination (13,14). Phosphatidylcholine transfer activities have been found to correlate with the
demand for lung surfactant dipalmitoylphosphatidylcholine (15,16).
The occurrence of sphingomyelin in mitochondria from rat tumours
and fetal liver is thought to be due to the exclusive presence of
the sphingomyelin transfer protein in these tissues (11) . As compared to normal and host liver, a two- to three-fold increase was
found in the phosphatidylcholine and phosphatidylinositol transfer
activities in the fast-growing 7777 Morris hepatoma, while these
activities were moderately or not increased in the 7787 and 9633
hepatoma (8).
In order to gain insight in the physiological role of the
various phospholipid transfer proteins, sensitive and specific
radioimmunoassays are of great value. Recently we have described
a radioimmunoassay for the phosphatidylcholine transfer protein
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(PC-TP) from rat liver (17). This assay was developed for measuring levels of PC-TP in membrane-free cytosols. On the other hand,
studies with PC-TP from bovine liver in vitro have shown that this
protein tends to interact with membranes (18,19). It is, therefore, possible that PC-TP in the cell is associated with subcellular organelles. Such associations have been observed for the
cellular retinol- and fatty acid binding proteins in rat (20,21).
In order to determine the levels of PC-TP on membranes, we modified
our radioimmunoassay, making use of the detergent Triton X-100 (20,
22) .
In this chapter we present data on the subcellular distribution of PC-TP in rat liver and on the levels of PC-TP in the
homogenates and 105 000 xg supernatant fractions from various rat
tissues. In addition, levels of PC-TP have been determined in the
rat lung during fetal development and in the rat liver after partial hepatectomy.
MATERIALS AND METHODS
Materials
The phosphatidylcholine transfer protein from rat liver and
specific immunoglobulin G against this protein were purified as
described in Chapter 2, sections 4.1 and 5.5, respectively. Other
materials and reagents have been described in Chapter 2, section 1.
Methods
Preparation of tissue homogenates and subaellular fractions
Homogenates and 105 000 xg and pH 5.1 supernatants from
various rat tissues were prepared as described in Chapter 2,
section 2.7. Subcellular fractions from rat liver were obtained
by differential centrifugation as described in Chapter 2, section
2.1, except that the washing steps were omitted. Prior to radioimmunoassay, the homogenates and subcellular membrane fractions
were solubilized with Triton X-100 (final concentration of 1%,
v/v) for 10 min at 0°C; non-solubilized material was removed by
centrifugation for 10 min at 14 000 xg.
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Part-Cat kepateatomy
65-70% of the whole liver was removed by the technique described by Higgins and Anderson (23) . The first day after surgery
the animals had access to a 20% solution of dextrose. Ho further
post-operative care was given.
The following methods have been described in detail in
Chapter 2:
1)

assay of phosphatidylcholine transfer activity

(section 3.1)

2)

radioiodination of the phosphatidylcholine transfer protein

3)

radioimmunoassay for the phosphatidylcholine transfer protein

(section 5.6)

(section 5.7)

RESULTS
Rad-ioimmunoassay

Figure 1 shows a standard curve of the radioimmunoassay in
combination with a displacement curve for a rat liver 105 000 xg
supernatant fraction. The characteristics of this assay have been
described in a previous publication (17). It measures PC-TP in the
range of 5 to 50 ng and shows no cross-reactivity with other rat
liver phospholipid transfer proteins. In addition, the assay cannot
be used to measure levels of PC-TP in bovine and mouse tissues.
Some modifications with respect to the original procedure were
made. Separation of bound from free 125 I-PC-TP was accomplished by
incubation with Staphyloooaaus aureus cells instead of goat antirabbit "inununobeads". The protein A molecules on the cell walls of
these bacteria have a very high affinity for inununoglobulin G, and
the high binding capacity and good sedimentation properties make
thesebacteria a very useful immunoadsorbent (24,25,26). Furthermore, a detergent (i.e. Triton X-100) was routinely included in
the assay buffer in order to be able to determine PC-TP bound to
membrane fractions. Detergents have also been used in radioimmunoassays of, for example, apolipoproteins A-I and C-II in plasma
(27,28) and cellular retinol-binding proteins (20,22). In the
presence of Triton X-100 all supernatants, homogenates and subcellular membrane fractions assayed, showed displacement curves
parallel to the standard curve (see Fig. 1 ) . However, it should be
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pH 5.1 SUPERNATANT PROTEIN (ug)
10 20
50 100 200

10 20
SO 100
PC-TP (ng)
Fig. 1.
Radioimmunoassay standard curve for rat liver phosphatidylcholine transfer
protein ( o — o ) and the displacement of antibody bound *"I-PC-TP by the pH 5.1
supernatant protein from rat liver (x x ) .

noted that the immunoreactivity of PC-TP in the supernatants was
not increased by the detergent, as was observed for the cellular
retinol-binding protein (22).
Originally, levels of PC-TP in the supernatants were determined in the absence of proteolytic enzyme inhibitors. Omission
of such inhibitors gave erroneous results in the case of the intestinal mucosa. Correct data were obtained by addition of trypsin
inhibitor or aprotinin, a universal inhibitor of proteolytic activity (29). In order to prevent any interference of proteolytic
activity in the radioimmunoassay aprotinin was routinely added.
Subcellulav distribution of PC-TP
A 10% (w/v) homogenate of rat liver in SET buffer was fractionated by differential centrifugation and the PC-TP level of
the subcellular fractions was determined. Figure 2 shows the
subcellular distribution, expressed as relative specific activity
versus per cent protein as suggested by De Duve (30) . The supernatant fraction has the highest specific activity and contains
60% of the total PC-TP, but considerable amounts are present in
the other fractions as well. When the mitochondria! or microsomal
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Fig. 2.
Subcellular distribution of phosphatidylcholine transfer protein in rat liver.
On the ordinate, each fraction i s represented by i t s relative specific activity
(i.e. percentage of recovered PC-TP/percentage of total protein). On the absciss
the protein content of each fraction is expressed as percentage of total recovered protein. Fractions include nuclei and cell debris (N), heavy mitochondria (M), light mitochondria (L), microsomes (P) and supernatant (S).

' fraction was washed by resuspension in SET buffer,20-30% of the
PC-TP originally present in these fractions was recovered in the
p e l l e t . Apparently, PC-TP i s not very tightly bound to these membranes. That there exists an equilibrium between membrane-bound and
soluble PC-TP, is also suggested by the fact that in 20% (w/v)
homogenate only 45% of the transfer protein was found in the supernatant fraction.
Levels of PC-TP in different
tissues
The concentrations of PC-TP measured in various r a t tissues
are shown in Table I . Both homogenates and 105 000 xg supernatants
were assayed. As for the supernatants, the highest values were
found in liver and intestinal mucosa in the range of 160-320 ng/
mg protein. Kidney, spleen and lung supernatant had intermediate
values (30-90 ng/mg protein). Low levels of PC-TP were found in
adrenals, whereas brain and heart supernatant did not contain
detectable amounts. The same trend was observed when levels of
PC-TP were determined in t o t a l tissue homogenates with the highest
concentration in liver and the lowest concentration in heart. This
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TABLE I
LEVEL OF PHOSPHATIDYLCHOLINE TRANSFER PROTEIN IN VARIOUS TISSUES
Tissue

Liver
Intestinal mucosa
Kidney
Spleen
Lung
Adrenals
Brain
Heart

PC-TP in 105 000 xg
supernatant
(ng/mg protein)
317 ± 65 (14)
159 ± 16 (7 )
92 ± 15 ( 4 )
87 ± 8 ( 4 )
33 ± 4 ( 6 )
13
(2)
not detected
not detected

PC-TP
in homogenate
(yg/g wet weight)
30.3
not
6.3
7.8
1.6
not
0.55
0.42

±2.0 ( 9 )
determined
* 1.3 ( 3 )
±0.8 ( 3 )
±0.4 ( 3 )
determined
± 0.04 ( 3 )
± 0.05 ( 3 )

Values represent means ± S.E.
Number in parenthesis is number of samples

indicates that apparently in all tissues studied the fraction of
membrane-bound PC-TP is in the same order of magnitude (cf• Fig. 2 ) .
Levels of PC-TP were also determined in regenerating rat liver
2, 4 and 7 days after partial hepatectomy. Despite the rapid growth
of the tissue, concentrations did not differ significantly from
normal values.
Levels of PC-TP during lung development
In a previous study (15), it was found that the phosphatidylcholine transfer activity in the 105 000 xg supernatant of developing mouse lung changed in parallel with the specific activity of
cholinephosphotransferase, the enzyme that catalyzes the last step
in the synthesis of phosphatidylcholine. Figure 3 shows the levels
of PC-TP in developing rat lung as measured by radioimmunoassay,
together with the phosphatidylcholine transfer activity. In agreement with developing mouse lung, phosphatidylcholine transfer activity in rat lung had a maximal value at two days before term,
which coincided with maximal levels of PC-TP. The sharp rise in
levels of PC-TP just before term was followed by a decline which
continued until at three days post partem the level of PC-TP
approached that of mature lung.
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19

21 23 25
A G E (days)

Fig. 3.
Level of phosphatidyloholine transfer protein and phosphatidyloholine transfer
activity in rat lung pH 5.1 supernatant, during development. The PC-TP content
was determined by radioimmunoassay {• •) and the phosphatidylcholine transfer
activity (o o) by microsome-vesicle assay as described in Materials and
Methods.

DISCUSSION
This paper describes the use of a specific radioimmunoassay
for the measurement of levels of immunoreactive PC-TP in rat
tissue homogenates and 105 000 xg supernatants. In the presence
of a detergent (i.e. Triton X-100) tissue homogenates, subcellular
fractions and 105 000 xg supernatants gave rise to displacement
curves parallel to the standard curve. The detergent was added to
release any PC-TP that was bound to membranes or part of lipidprotein complexes. However, it should be noted that the presence
of detergent had no effect on the detectable levels of PC-TP in
the 105 000 xg supernatant from rat liver. Conversely, determination of the cellular retinol-binding protein in rat liver cytosol
by radioimmunoassay required that a detergent be present to release
this protein from a high-molecular weight lipid-protein aggregate
in an immunoreactive form (22).
The determination of the subcellular distribution of PC-TP
in rat liver (Fig. 2) showed that 40% of this protein is associated
with particulate fractions in 10% (w/v) homogenates. In 20% (w/v)
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homogenates this percentage is increased to about 60%, suggesting
that the fraction that is membrane-bound, depends on the actual
membrane concentration. This could mean that in the living cell,
where the membrane concentration is much higher than in our experiments, a considerable fraction of the transfer protein is attached
to membranes. Two other cellular binding proteins, i.e. the fatty
acid binding protein from rat intestinal mucosa and the cellular
retinol-binding protein, have also been shown to be partly associated
with particulate fractions (20,21) .
As shown in Table I, liver contains the highest amount of
PC-TP, followed by the intestinal mucosa, kidney and spleen. This
tissue distribution shows a remarkable resemblance with the distribution of two other cellular binding proteins, i.e. the retinolbinding protein (22) and ligandin (31), both of which are most
prominently present in liver, kidney and small intestine. Moreover,
all three proteins are present at very low levels in brain and
heart.
Previously PC-TP has been partially purified from rat small
intestine (32,33) and accounts for approximately 35% of the total
phosphatidylcholine transfer activity (34). Investigation of the
anatomic distribution has indicated that the mucosa has a 4-fold
higher phosphatidylcholine transfer activity per mg of soluble
protein than the intestinal wall (32) . Our data show that the
levels of PC-TP in rat heart and brain are very low as compared to
liver. This is in agreement with immunological studies on levels
of PC-TP in bovine tissues (6). It is of interest to note that the
105 000 xg supernatant from rat brain does not have any phosphatidylethanolamine transfer activity (35) . This implies that rat
brain lacks the non-specific phospholipid transfer protein which
presumably is responsible for this activity (7). Its absence, in
conjunction with the low levels of PC-TP, shows that virtually all
phospholipid transfer activity in rat brain is due to the phosphatidylinositol transfer protein (6,35).
Phospholipid transfer proteins are thought to be involved in
the secretion of lung surfactant, in which process the alveolar
type II cells supposedly play a central role (36,37). Recent studies
have indicated that these cells from adult rat lung contain only
the non-specific phospholipid transfer protein, arguing against
PC-TP being involved in the production and secretion of lung sur64

factant (38) . On the other hand, levels of PC-TP in lung are maximal just before term, at which time the production of lung surfactant is at its highest rate (Fig. 3 ) . Concomitant with the increase of the PC-TP concentration, an increase in the activities of
choline kinase and cholinephosphotransferase was observed (15,39).
The significance of this correlation remains to be established.
PC-TP is thought to be involved in the intracellular transport
of phosphatidylcholine from the site of synthesis, i.e. the endoplasmic reticulum, to those sites where phosphatidylcholine is
required (35). In this respect it is worth noting that of all
tissues examined, the highest levels of PC-TP are present in liver
and intestinal mucosa. it may well be that PC-TP is involved in
the very active phosphatidylcholine metabolism of these tissues and
plays a role in processes like the formation and secretion of lipoproteins. Recently, PC-TP from bovine liver has been shown to
mediate the net transfer of phosphatidylcholine to membranes
deficient in this phospholipid (40) , and complexes consisting of
sphingomyelin and apolipoprotein A-II (41).
REFERENCES
1. Kader, J.C. (1977) in: Dynamic Aspects of Cell Surface Organization (G.
Poste and G.L. Nicolson, eds.) pp. 127-204, Elsevier/North-Holland Biomedical
Press, Amsterdam
2. Wirtz, K.W.A. (1982) in: Lipid-Protein Interactions (P.C. Jost and O.H.
Griffith, eds.) pp. 151-233, Wiley-Interscience, New York
3. Kamp, H.H., Wirtz, K.W.A. and van Deenen, L.L.M. (1973) Biochim. Biophys.
Acta 318, 313-325
4. Crain, R.C. and Zilversmit, D.B. (1980) Biochemistry 19, 1433-1439
5. DiCorleto, P.E., Warach, J.B. and Zilversmit, D.B. (1979) J. Biol. Chem.
254, 7795-7802
6. Helmkamp, G.M., Nelemans, S.A. and Wirtz, K.W.A. (1976) Biochim. Biophys.
Acta 424, 168-182
7. Bloj, B. and Zilversmit, D.B. (1977) J. Biol. Chem. 252, 1613-1619
8. Poorthuis, B.J.H.M., van der Krift, T.P., Teerlink, T., Akeroyd, R.,
Hostetler, K.Y. and Wirtz, K.W.A. (1980) Biochim. Biophys. Acta 600, 376386
9. Poorthuis, B.J.H.M., Glatz, J.F.C., Akeroyd, R. and Wirtz, K.W.A. (1981)
Biochim. Biophys. Acta 665, 256-261
10. Dyatlovitskaya, E.V., Timofeeva, N.G. and Bergelson, L.D. (1978) Eur. J.
Biochem. 82, 463-471
11. Dyatlovitskaya, E.V., Timofeeva, N.G., Yakimenko, E.F., Barsukov, L.X.,
Muzya, G.I. and Bergelson, L.D. (1982) Eur. J. Biochem. 123, 311-315
12. Douady, D., Grosbois, M., Guerbette, F. and Kader, J.C. (1982) Biochim.
Biophys. Acta 710, 143-153
13. Brophy, P.J. and Aitken, J.W. (1979) J. Neurochem. 33, 355-356
14. Ruenwongsa, P., Singh, a. and Jungalwala, F.B. (1979) J. Biol. Chem. 254,
9385-9393

65

15. Engle, M.J., van Golde, L.M.G. and Wirtz, K.W.A. (1978) FEBE Lett. 86, 277281
16. Lumb, R.H., Cottle, D.A., White, L.C., Hoyle, S.N., Pool, G.L. and Brumley,
G.W. (1980) Biochim. Biophys. Acta 620, 172-175
17. Teerlink, T., Poorthuis, B.J.H.M., van der Krift, T.P. and Wirtz, K.W.A.
(1981) Biochim. Biophys. Acta 665, 74-80
18. Machida, K. and Ohnishi, S. (1978) Biochim. Biophys. Acta 507, 156-164
19. Wirtz, K.W.A., Vriend, G. and Westerman, J. (1979) Eur. J. Biochem. 94,
215-221
20. Adachi, N., Smith, J.E., Sklan, D. and Goodman, D.S. (1981) J. Biol. Chem.
256, 9471-9476
21. Ockner, R.K. and Manning, J.A. (1974) J. Clin. Invest. 54, 326-338
22. Sklan, D., Blaner, W.S., Adachi, N., Smith, J.E. and Goodman, D.S. (1982)
Arch. Biochem. Biophys. 214, 35-44
23. Higgins, G.M. and Anderson, R.M. (1931) Arch. Path. 12, 186-202
24. Kessler, S.W. (1975) J. Immunol. 115, 1617-1624
25. Kessler, S.W. (1976) J. Immunol. 117, 1482-1490
26. O'Keefe, E. and Bennett, V. (1980) J. Biol. Chem. 255, 561-566
27. Mao, S.J.T. and Kottke, B.A. (1980) Biochim. Biophys. Acta 620, 447-453
28. Barr, S.I., Kottke, B.A., Chang, J.Y. and Mao, S.J.T. (1981) Biochim. Biophys. Acta 663, 491-505
29. Zyznar, E.S. (1981) Life Sci. 28, 1861-1886
30. De Duve, C , Pressman, B.C., Gianetto, R., Wattiaux, R. and Appelmans, F.
(1955) Biochem. J. 60, 604-617
31. Bass, N.M., Kirsch, R.E., Tuff, S.A. and Saunders, S.J. (1977) Biochim.
Biophys. Acta 494, 131-143
32. Lutton, C. and Zilversmit, D.B. (1976) Lipids 11, 16-?0
33. Yamada, K., Sasaki, T. and Sakagami, T. (1978) J. Biochera. 84, 855-863
34. Lutton, C. and Zilversmit, D.B. (1976) Biochim. Biophys. Acta 441,370-379
35. Wirtz, K.W.A. (1974) Biochim. Biophys. Acta 344, 95-117
36. Askin, F.B. and Kuhn, C. (1971) Lab. Invest. 25, 260-268
37. Goerke, J. (1974) Biochim. Biophys. Acta 344, 241-261
38. Post, M., Batenburg, J.J., Schuurmans, E.A.J.M, and van Golde, L.M.G.
(1980) Biochim. Biophys. Acta 620, 317-321
39. Farrell, P.M., Lundgren, D.W. and fidams, A.J. (1974) Biochem. Biophys. Res.
Commun. 57, 696-701
40. Wirtz, K.W.A., Devaux, P.F. and Bienvenue, A. (1980) Biochemistry 19, 33953399
41. Wilson, D.B., Ellsworth, J.L. and Jackson, R.L. (1980) Biochim. Biophys. Acta
620, 550-561

66

CHAPTER 6
INCREASE OF SPECIFIC TRANSFER ACTIVITY OF
PHOSPHATIDYLCHOLINE TRANSFER PROTEIN DURING PURIFICATION

INTRODUCTION
In Chapter 4 it was shown that the levels of the phosphatidylcholine transfer protein in the 105 000 xg supernatant fraction of rat liver determined by radioimmunoassay were 2- to 4-fold
higher than levels determined by immunotitration of the phosphatidylcholine transfer activity. Transfer assays are prone to interference by factors that may be present in crude supernatants.
Therefore, it is possible that the levels determined by immunotitration of the phosphatidylcholine transfer activity, are too
low, giving rise to the observed discrepancy. On the other hand,
it is possible that part of the phosphatidylcholine transfer
protein has no transfer activity, but is nevertheless immunoreactive. One could think of a covalent modification of the
transfer protein (e.g. by a phosphorylation/dephosphorylation
mechanism) or the presence of an inhibitor. Such a mechanism could
partake in a regulatory system, modulating the activity of the
phosphatidylcholine transfer protein in vivo.
There are numerous indications for the occurrence of inhibition of lipid transfer protein activity. During the purification
of the phosphatidylcholine transfer protein from bovine liver, an
increase in the total activity recovered was observed after
treatment at pH 3.0 (1). An enhancement of activity was also
observed during the purification of a galactosylceramide transfer
protein from porcine brain (2). A galactosylceramide transfer
protein preparation, partially purified from the cytosol fraction
of sucklincf-rat brains by chromatography on Sephadex G-75, was
9-fold activated upon storage at 4°C (3). Rat liver cytosol had
no detectable lactosylceramide transfer activity, but after
chromatography on Sephadex G-75, activity was detected (4). A
similar phenomenon was observed in potato tuber (5) and the photosynthetic bacterium Rhodopseudomonas sphaeroides f6), where phos-
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pholipiö transfer activity was absent from crude supernatant, but
could be detected after chromatography on Sephadex G-75 and ammonium sulfate fractionation, respectively.
The present study was undertaken to investigate whether rat
liver contains an inhibitor of the phosphatidylcholine transfer
protein and/or an inactive form of the transfer protein.
METHODS
Partial purification of the phosphatidylcholine transfer protein
Male Wistar rats were fasted overnight. The livers were
removed and a 30% (w/v) homogenate was prepared in 0.25 M sucrose/
0.001 M EDTA/0.01 M Tris-HCl (pH 7.4). A 105 000 xg supernatant
was prepared and the pH 5.1 treatment was performed as described
in Chapter 2, section 2.7. The pH 5.1 supernatant (± 20 ml) was
applied to a column of ACA-54 (2.2x 100 cm), equilibrated with
0.02 M potassium phosphate (pH 7.0). Column fractions were assayed
by radioimmunoassay (Chapter 2, section 5.7), and the immunoreactive fractions were pooled. After adjustment of the pH to 6.8 by
addition of phosphoric acid, the pooled material was applied to a
10 ml hydroxyapatite column (1.5x 5 cm), equilibrated with 0.02 M
potassium phosphate (pH 6.8) . The protein was eluted with a linear
gradient of 0.02 M potassium phosphate to 0.3 M potassium phosphate, pH 6.8 (2x 6 column volumes). The eluate was assayed by
radioimmunoassay and the fractions containing the phosphatidylcholine transfer protein were pooled.
Determination of specific transfer activity
After each step of the purification, the amount of transfer
protein in the pooled fractions was determined by radioimmunoassay,
and the activity was determined by the phosphatidylcholine transfer
assay (Chapter 2, section 3.1). In the case of the pH 5.1 supernatant, it was estimated that 60% of this activity was due to the
phosphatidylcholine transfer protein. The remainder was due to
the phosphatidylinositol transfer protein and the non-specific lipid
transfer protein. After chromatography on columns of ACA-54 and
hydroxyapatite activity was ascribed completely to the phosphatidylcholine transfer protein. From the activity resulting from
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the phosphatidylcholine transfer protein and the amount of transfer protein, the specific transfer activity was calculated (see
Table I ) .
Affinity chromatography
An affinity column was prepared by coupling 15 mg of crude
anti-phosphatidylcholine transfer protein IgG to Sepharose 4B
(6 g wet weight) as described in Chapter 2, section 5.3. This
column was used to extract the phosphatidylcholine transfer
protein from the pooled iramunoreactive fractions obtained after
chroraatography on a column of ACA-54 (Experiment IV, Table I ) .
10 ml of this fraction, containing phosphatidylcholine transfer
protein at a concentration of 2.4 ug/ml, was applied to the
affinity column at a flowrate of 5 ml/h. The eluate was concentrated with Aguacide to a volume of 10 ml.
Inhibition experiments
Increasing amounts of the fraction obtained after affinity
chromatography (0.025-0.5 ml) were added to a fixed amount of
phosphatidylcholine transfer protein (0.3 yg) and the phosphatidylcholine transfer activity was determined.
RESULTS
Speeifie activity of the vhosphatidylaholine transfer protein
Accurate determination of the concentration of phosphatidylcholine transfer protein in crude preparations is made possible by
the radioimmunoassay. If these values are combined with transfer
activity measurements, the specific transfer activity of the transfer protein can be determined (see "Methods"). In a first set of
experiments we monitored changes in this specific transfer activity
during partial purification of the phosphatidylcholine transfer
protein. A pH 5.1 supernatant from rat liver was fractionated by
molecular sieve chromatography on a column of ACA-54. When fractions
were tested by radioimmunoassay, the phosphatidylcholine transfer
protein was found to be eluted as a single peak (see Chapter 4,
Figure 5 ) . The combined fractions were applied to a column of
hydroxyapatite and the transfer protein was eluted with a linear
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TABLE I
RECOVERY OF TRANSFER ACTIVITY AND PHOSPHATIDYLCHOLINE TRANSFER PROTEIN DURING PARTIAL PURIFICATION
For details, see "Methods"
Total transfer
activity
(units)

Recovery of
transfer activity

Total transfer
protein

Recovery of
transfer protein

Specific transfer
activity
(units/mg)

Experiment I
pH 5.1 supernatant
ACA-54
Hydroxyapatite

8 540
7 450
7 530

100
87.2
88.1

290
106
100

100
36.5
34.4

29 500
70 300
75 400

3 220
2 930
2 050

100
91.5
63.8

116
58
36

100
50.5
31.3

27 900
50 400
57 300

2 990
2 530
4 140

100
78.6
138.4

153
116
77

100
75.9
50.2

19 600
20 300
54 000

11 590
8 460
7 850

100
73.0
67.8

407
217
118

100
53.4
29.0

28 500
39 000
66 600

Experiment II
pH 5.1 supernatart
ACA-54
Hydroxyapatite

Experiment III
pH 5.1 supernatant
ACA-54
Hydroxyapatite
Experiment IV
pH 5.1 supernatant
ACA-54
Hydroxyapatite

gradient of potassium phosphate buffer. Again the transfer protein
eluted as a single peak, as revealed by radioimmunoassay (Fig. 1 ) .
After each step of the purification the specific transfer activity
was determined. The essential data of a number of these purifications are summarized in Table I, where recovery of transfer activity and transfer protein are included. In general, the recovery
of transfer activity is high, with as much as 138% in experiment
III, whereas recovery of transfer protein amounts to approximately
30%. This is reflected in a 2- to 3-fold increase in specific
transfer activity during the purification (Table I ) .
Detection of an inhibitor
In experiment III (Table I) activation was very much restricted to chromatography on hydroxyapatite. This activation may
be caused by removal of an inhibitor. If so, this compound could
be present in one of the other column fractions. Its presence
was tested by adding samples (0.4 ml) of various column fractions
to a fixed aliquot (0.1 ml) of pooled fractions containing the
transfer protein. Determination of the transfer activity showed

20
30
40
50
FRACTION NUMBER

60

Fig. 1.
Chromatography of partially purified phosphatidylcholine transfer protein on a
column of hydroxyapatite. For experimental details, see "Methods". Fractions
were tested by the radioimmunoassay for phosphatidylcholine transfer protein
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that the column eluate did not contain fractions capable of
inhibiting the activity of the transfer protein. It can be argued,
however, that the inhibitor has such a high affinity towards
hydroxyapatite, that it was irreversibly bound to the column.
Therefore, .a more rigorous search for an inhibitor was made by
application of affinity chromatography. An affinity column was prepared, consisting of anti-phosphatidylcholine transfer protein IgG
coupled to Sepharose 4B. The fractions pooled after chromatography on ACA-54 (Experiment IV, Table I ) , were applied to this
column and the eluate was further examined. The eluate fraction
was shown to be devoid of phosphatidylcholine transfer activity
and the absence of the phosphatidylcholine transfer protein was
confirmed by radioimmunoassay. This fraction should contain the
hypothetical inhibitor. However, when increasing amounts of this
preparation were added to a fixed amount of pure transfer protein,
no decrease in phosphatidylcholine transfer activity was observed.
DISCUSSION
The results show that purification of the phosphatidylcholine
transfer protein is accompanied by an increase of its specific
transfer activity. This increase does not occur at a particular
purification step, as in some instances it was observed after molecular sieve chromatography, whereas in other experiments it took
place after chromatography on hydroxyapatite.
One explanation might be that two forms of the phosphatidylcholine transfer protein exist, one having a high specific transfer
activity and the other having a low specific activity or no transfer
activity at all. Both forms would be identical in an immunological
sense, so that both are detected by the radioimmunoassay. The increase in specific transfer activity can then be explained by a
separation of both forms during the purification. This separation
would have to result in the detection of two immuno-reactive peaks
by the radioimmunoassay. In practice, however, only one symmetrical
peak was detected by the radioimmunoassay at all purification steps.
Another argument against this hypothesis is that at the purification step in which the specific activity is increased, almost
always a very high recovery of transfer activity was observed,
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sometimes even higher than 100%. This suggests that the phosphatidylcholine transfer protein is activated, for instance by
removal of an inhibitor. Therefore, some experiments were designed
to detect such an inhibitor. However, the results were negative. ,
In conclusion, we can say that the increase in specific
transfer activity is due to an activation of the transfer protein
and is not the result of removal of an inactive form of the protein
during purification. This activation may be caused by removal of
an inhibitor, but our experiments have failed to detect such a
compound.
The amount of phosphatidylcholine transfer protein in the
105 000 xg supernatant from rat liver was calculated from the phosphatidylcholine transfer activity and the specific activity of
the pure phosphatidylcholine transfer protein. Since this specific
activity is at least 2.4-fold higher for the pure transfer protein
than for this protein in the 105 000 xg supernatant (see Table I ) ,
the amount calculated will be at least 2.4-fold lower than that
determined by the radioinununoassay, as was observed in Chapter 4,
Table I. Such a difference between calculated and immunoassayable
levels of phosphatidylcholine transfer protein was not observed
for the 105 000 xg supernatants from various Morris hepatomas.
This suggests that the phosphatidylcholine transfer protein in the
hepatoma supernatants expresses its optimal activity. It remains to
be established whether the specific activity of the phosphatidylcholine transfer protein in the Morris hepatomas is unaffected by
purification. In general, further experiments are required to gain
more insight in the activation process and its possible physiological significance.
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CHAPTER 7
DETERMINATION OF NON-SPECIFIC LIPID TRANSFER PROTEIN
IN RAT TISSUES AND MORRIS HEPATOMAS
BY ENZYME IMMUNOASSAY

INTRODUCTION
Rat liver cytosol contains a non-specific lipid transfer
protein which facilitates the transfer of phosphatidylethanolamine, phosphatidylcholine, phosphatidylinositol, phosphatidylserine, sphingomyelin and cholesterol between membranes (1-3) .
This protein appears identical to one of the cytosolic proteins,
known to modulate cholesterol biosynthesis, i.e. the sterol carrier
protein, (4,5). Inherent to its ability to mediate the transfer
of cholesterol to membranes, this protein stimulates the microsomal acylCoA:cholesterol acyltransferase activity (5,6,7).
Recently it has also been demonstrated that in vitro the sterol
carrier proteinj can stimulate pregnenolone synthesis by transferring cholesterol from adrenal lipid droplets to mitochondria (8).
The above studies strongly suggest that the non-specific
lipid transfer protein may play a regulatory role in the intracellular cholesterol metabolism. Recently we have shown by using a
specific phospholipid transfer assay that this protein is almost
absent from the 105,000 xg supernatant fraction of Morris hepatomas
7777, 7787 and 9633 (9). This has been confirmed by measuring the
cholesterol exchange activity in the cytosol from Morris hepatoma
7777 (5). As suggested previously, this deficiency may be related
to the poorly regulated cholesterol biosynthesis in hepatomas (10,
11).
In order to accurately determine the levels of the non-specific
lipid transfer protein, we have chosen to develop a quantitative
immunoassay. Here we report on an enzyme immunoassay for this
protein. Data are presented on the levels of this protein in rat
tissues and Morris hepatomas and on the subcellular distribution
of the protein in liver.
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MATERIALS AND METHODS
Materials
The non-specific lipid transfer protein from rat liver was
purified as described in Chapter 2, section 4.2. All other materials
and reagents have been described in Chapter 2, section 1.
Methods

The methods have been described in Chapter 2:
1)

production and detection of antibodies

(section 5.2)

2)

preparation of immunoadsorbents

3)

isolation of crude and specific IgG fractions

(section 5.3)
(sections 5.4

and 5.5)
4)

enzyme immunoassay for the non-specific lipid transfer protein
(section 5.8)

5)

assay of phosphatidylethanolamine transfer activity

(section

3.3)
6)

preparation of subcellular fractions and 105 000 xg supernatants

(sections 2.1 and 2.7)

RESULTS
Production

of

antiseva

Immunization of rabbits with the non-specific lipid transfer
protein admixed with Freund's complete adjuvant did not result in
an antiserum. Attempts to increase the immunogenicity of the transfer protein by self-polymerization with glutaraldehyde or covalent
attachment to either bovine serum albumin or tyroglobulin were unsuccessful as well. We finally succeeded in raising an antiserum
by immunization with a sonicated suspension of transfer protein and
egg phosphatidylcholine. Recently, an antiserum against a sphingomyelin transfer protein has been raised in a similar manner (13).
It has previously been observed that addition of phosphatidylcholine to a sterol carrier protein preparation caused aggregation of
the monomer to a high molecular weight lipid-protein complex (14).
This may be the reason as to why phosphatidylcholine behaved as an
adjuvant in the immunization procedure used.
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The functional activity of the non-specific lipid transfer
protein is routinely assayed by measuring its ability to transfer
phosphatidylethanolamine between membranes (see "Materials and
Methods"). Titration of a fixed amount of transfer protein with
specific IgG progressively inhibited this transferring activity,
indicating that antibodies were raised against the proper antigen
(results not shown). However, the antibodies did not form visible
precipitation lines in double diffusion experiments.
Properties of antigen and antibody
The non-specific lipid transfer protein lost its immunoreactivity upon labeling with iodine-125 using either H 2 0 2 -lactoperoxidase or Bolton-Hunter reagent. This precluded the development
of a regular radioimmunoassay. We have also attempted to develop
a "sandwich"-assay, where the antigen was bound to immobilized IgG
and quantified by reaction with excess 12SJ-labeled specific IgG
(15). In our hands, binding of the labeled IgG was not observed,
suggesting that the non-specific lipid transfer protein has one
antigenic site. This would be in agreement with the observation
that double diffusion did not give precipitation lines (see above).
To circumvent this limitation, we have set up a competitive immunosorbent assay, where immobilized and free antigen competed for a
limited amount of specific IgG (12). Initial experiments, however,
showed that this kind of assay was not sensitive enough, probably
because of a low affinity of the IgG molecule. Our experiences,
gained by investigating the adsorption of the non-specific lipid
transfer protein to plastic surfaces, formed the basis for a new
kind of enzyme iiranunoassay used in the present study.
Enzyme immunoassay
Pure transfer protein or a sample is applied to the well of
a microtiter plate in the presence of an excess bovine serum
albumin. Adsorbed transfer protein is determined by incubation with
specific IgG, followed by peroxidase-linked second antibody. The
amount adsorbed was found to be proportional to the concentration
in the sample. This is exemplified in Figure 1, which shows a set
of standard curves at different IgG concentrations. At each IgG
concentration these curves were linear up to an optical density of
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Fig. 1.
Enzyme immunoassay standard curves for non-specific lipid transfer protein at
different IgG concentrations. The following concentrations of specific igG were
used:
0.25 yg.ml"1 (o), 0.50 yg.ml-1 (•), 1.00 pg.ml-1 (A), 2.00 yg.ml-1 (A) and
4.00 yg.ml"1 (Q).
1.0. it can be estimated that at the lowest IgG concentration

(0.25 yg.ml-2) the number of IgG molecules exceeds that of the
transfer protein molecules adsorbed. Despite this excess, the assay
becomes more sensitive with increasing amounts of IgG (Fig. 1 ) .
This is probably due to the low affinity of the IgG used resulting
in a slow formation of the IgG transfer protein complex. An increase
of the IgG concentration will shift the equilibrium towards formation of the complex, thereby enhancing the response of the assay.
The non-specific lipid transfer protein can be determined by
the kind of enzyme immunoassay described, because of its ability
to adsorb to a plastic surface in the presence of a large excess of
serum albumin. In order to determine what percentage of the transfer protein is adsorbed during the coating step, the following
experiment was performed: Wells were coated with a 0.1% (w/v) albumin
solution containing 5, 10 and 20 ng transfer protein per ml. After
the first coating, the solutions were recovered and used to coat a
second plate. Both plates were then incubated with specific IgG,
second antibody and substrate to determine the amount of transfer
protein adsorbed. Independent of the initial antigen concentration,
the amount of transfer protein on the second plate was 33 ± 2% less
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than on the first plate. This percentage reflects the adsorption
of the transfer protein to the well. The coating buffer contained
0.05% (w/v) sodium deoxycholate when transfer protein was determined
in samples of total homogenate or subcellular membrane fractions
(see "Materials and Methods"). Under these conditions we observed
that adsorption of transfer protein to the well increased to
52 ± 4%.
To test the specificity of the enzyme immunoassay a 105 000 xg
supernatant from rat liver was fractionated by molecular sieve
chromatography, on a column of ACA-54. Fractions were both assayed
for phosphatidylethanolamine transfer activity (Fig. 2A), and subjected to the enzyme immunoassay (Fig. 2B). A small amount of
transfer activity was found near the void volume of the column, but
the bulk of transfer activity eluted as a single peak at the
position of the non-specific lipid transfer protein (fraction 3439). This peak was detected by the enzyme immunoassay (Fig. 2B).

15
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Fig. 2.
Gelfiltration chromatography of a 105 000 xg supernatant from rat liver on a
column of ACA-54. 200 mg of supernatant protein was applied. The column (2.2x
100 cm) was eluted with 0.02 M sodium phosphate/0.01 M 2-mercaptoethanol
(pH 7.2) at a flowrate of 20 ml/h. 7 ml fractions were collected.
A. Optical density at 280 ran ( ) and phosphatidylethanolamine transfer activity ( o — o )
B. Level of non-specific lipid transfer protein as determined by enzyme immunoassay (•
•)
o
C. As B, after heat treatment of column fractions at 90 C during 5 min (x x)
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In addition, cross-reactive material was detected in the high
molecular weight region. Heating (5 min at 90°C) of the samples
prior to assaying eliminated the contaminating peaks and had no
effect on the peak of non-specific lipid transfer protein (Fig
2C). it must be emphasized that the IgG used was purified by
affinity chromatography using homogeneous transfer protein (molecular weight of 14 800) . This suggests that the cross-reactive
material of high molecular weight is related to the transfer
protein (see "Discussion").
In order to obtain the correct levels of transfer protein the
samples were routinely treated by heating. To ascertain that no
transfer protein was lost during this heating step the following
experiment was done: Accurate amounts of pure transfer protein
were added to a fixed aliquot of rat liver 105 000 xg supernatant.
Then the samples were heated and the total amount of transfer
protein determined. After correction for the transfer protein
present in the 105 000 xg supernatant, it was found that the recovery ranged from 105 to 118%. This shows that no transfer protein
is lost during the heating step. This has been confirmed by
repeating the same experiment with a lung supernatant; the recovery
ranged from 93 to 114%.
By the aid of the enzyme immunoassay it was demonstrated that
the antibody against the rat liver protein was cross-reactive with
the non-specific lipid transfer protein present in the 105 000 xg
supernatant fractions from human, mouse and bovine liver. Therefore, this antibody can be used to quantify by enzyme immunoassay
the non-specific lipid transfer protein in these tissues. However,
the need for standard curves requires that pure non-specific lipid
transfer proteins from these sources are available. Namely, one
cannot a priori assume that the various non-specific lipid transfer proteins have the same affinity for the specific IgG available
and, hence, behave identical in the assay.
Levels in rat tissues
Table I shows the levels of non-specific transfer protein in
the 105 000 xg supernatant from a number of rat tissues. Liver and
mucosa have the highest levels with values of 0.78 and 0.46 vg
protein.mg supernatant protein"1, respectively. Levels in the other
tissues range from 0.06 to 0.13 vg protein.mg supernatant protein"1.
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TABLE I
LEVEL OF NON-SPECIFIC LIPID TRANSFER PROTEIN IN VARIOUS RAT TISSUES
Values represent mean ± S.D.
The numbers in parentheses a r e the numbers of samples
Tissue

Non-specific l i p i d transfer protein
in 105 000 xg supernatant
(ug/mg protein)

Liver
I n t e s t i n a l mucosa
Brain
Lung
Kidney
Spleen
Heart
Adrenals
Ovary
Testis

0.7a ± 0.23 (12)
0.46 ± 0 . 0 3 ( 3)
0.13 ± 0.02 ( 3 )
0.10 ± 0.02 ( 5 )
0.09 ± 0.01 ( 2 )
0.09 ± 0.01 ( 2 )
0.07 ± 0.01 ( 3 )
0.09 ± 0.02 ( 3 )
0.12 ± 0.02 ( 3 )
0.06 ± 0.01 ( 5 )

The value measured in liver agrees with the 1500-fold purification
needed to obtain a homogeneous protein from this source (3).
In Table I I , levels of non-specific lipid transfer protein in
Morris hepatomas 7777, 7787 and 9633, host livers and normal liver
are compared. The levels in the host livers are comparable to
that in normal liver. In the fast-growing, poorly differentiated
7777 hepatoma the protein i s almost absent (0.07 \iq protein.mg
supernatant protein- 1 ), whereas the slower growing, well-differentiated 7787 and 9633 hepatomas contain intermediate amounts
(0.30 ug protein.mg supernatant protein" 1 ). The low level in the
7777 hepatoma agrees with the barely detectable phosphatidylethanolamine transfer activity in this tumour (9). On the other
hand, the levels in 7787 and 9633 hepatomas are 2- to 3-fold
higher than expected on the basis of this transfer activity.
Subcellular distribution
The enzyme immunoassay has also been used to determine the
distribution of non-specific lipid transfer protein among the
various subcellular membrane fractions. To release the transfer
protein, membrane fractions were treated with sodium deoxycholate
(0.05%, w/v) prior to the assay. In Fig. 3, ths subcellular d i s t r i 81

bution of transfer protein is presented according to the method
of De Duve et at. (16). This plot shows that approximately 70%
of the total non-specific transfer protein is present in the
105 000 xg supernatant fraction, having the highest specific
activity. The remainder of the transfer protein is distributed
among the various subcellular membrane fractions. It is evident

TABLE II
LEVEL OF NON-SPECIFIC LIPID TRANSFER PROTEIN IN 105 000 xg SUPERMATANT FROM
MORRIS HEPATOMAS 7777, 7787 AND 9633, HOST LIVERS AND NORMAL LIVER
Values represent mean ± S.D.
Number of determinations in parentheses

Non-specific llpid transfer protein
in 105 000 *g supernatant
(vg/mg protein)

Normal liver

0.78 ± 0.23 (12)

Hepatoma 7777
Host

0.07 ± 0.03 (4)
0.86 ± 0.03 ( 2 )

Hepatoma 7787
Host

0.31 ± 0.05 (4)
0.83 ± 0.06 {2)

Hepatoma 9633
Host

0.29 ± 0.03 (2 )
0.78 ±0.18 (2)

that the light mitochondrial fraction is enriched in this transfer
protein, having a six-fold higher specific activity than the
heavy mitochondrial fraction. Application of the assay to total
tissue homogenates indicated that the levels of non-specific
transfer protein in brain, lung, kidney, spleen,heart and adienal
were 5- to 10-fold lower than in liver. This agrees with the relative levels in the 105 000 xg supernatant fractions.
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Fig. 3.
Subcellular distribution of non-specific lipid transfer protein in rat l i v e r .
On the ordinate each fraction i s represented by i t s relative specific activity
( i . e . percentage of recovered transfer protein/percentage of total protein).
On the abscissa the protein content of each fraction i s expressed as percentage of total recovered protein. Fractions include nuclei and c e l l debris (N),
heavy mitochondria (M), light mitochondria (L), microsomes (P) and supernatant
(S).

DISCUSSION
The q u a n t i t a t i v e enzyme immunoassay described in t h i s paper
has the unique feature t h a t i t i s based on the d i r e c t adsorption
of the antigen to a polyvinyl surface in the presence of a large
excess of bovine serum albumin. I t has some resemblance with the
enzyme immunoassay described by Butler (17), in which the antigen
i s d i r e c t l y adsorbed to a polystyrene surface. However, in the
l a t t e r assay the t o t a l amount of protein used in the coating step
must be very low ( i . e . 200 ng) so t h a t competition between the
antigen and other proteins present for the binding s i t e s on the
polystyrene surface does not occur. In view of the low antigen
( i . e . non-specific l i p i d t r a n s f e r protein) concentration in our
samples, we used in the coating step amounts of 1-10 ug of
105 000 xg supernatant p r o t e i n . In order to obtain a reproducible
adsorption of the antigen to the polyvinyl surface, independent
of the i n i t i a l antigen concentration, we standardized the samples
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by addition of an excess serum albumin (i.e. 1 mg protein.ml"1).
Although under these conditions competition between proteins for
binding sites occurs, the adsorption of the non-specific lipid
transfer protein is very effective: more than 30% is adsorbed
during the coating step. This high extent of adsorption indicates
that, compared to bovine serum albumin, the non-specific lipid
transfer protein has an extremely high affinity for the polyvinyl
surface. According to the current theory, the adsorption is
governed by hydrophobic interactions (18). A wider applicability
of this kind of enzyme immunoassay will depend on the adsorptive
behaviour of the antigen in the presence of excess serum albumin.
Preliminary experiments with the phosphatidylcholine transfer
protein from rat liver have indicated that the adsorption of this
protein is too low to allow detection (T. Teerlink, unpublished
observations).
The assay developed is non-competitive, giving a linear
standard curve (Figure 1 ) . This feature is usually seen with
assays in which the antigen is bound to solid phase antibody and
subsequently measured with a second, labeled antibody (15). This
linearity improves the accuracy of the determination. Another
attractive feature of the assay is that the sensitivity can be
increased simply by increasing the amount of IgG used (Fig. 1 ) . We
routinely measure levels of non-specific transfer protein in the
range of 0.2 to 2.0 ng. In addition to being sensitive, the assay
is simple and fast; determinations take less than four hours.
After fractionation of a rat liver 105 000 xg supernatant on
a ACA-54 column, immunoreactive fractions were detected in the
high molecular weight region (Figure 2 ) . It must be emphasized that
the non-specific lipid transfer protein (MW 14 800) used for immunization and for affinity chromatography to isolate the specific
IgG, was homogeneous as judged by sodium dodecyl sulfate gel electrophoresis. Therefore, it is very unlikely that the immunoreactive
material near the void volume of the column represents impurities
to which we have raised antibodies. As for the moment we presume
that this material is either the transfer protein complexed to
another protein, or even a high molecular weight precursor. The
occurrence of high molecular weight protein complexes has also been
considered in studies involving the fatty acid-binding protein (19).
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In a previous study the non-specific lipid transfer protein was
found to withstand heating at 90°C for 5 min (l). we have made
use of this heat-resistance to free the samples from the crossreactive contaminants.
In previous studies (1,9), the non-specific lipid transfer
protein was detected with a functional assay, based on the ability
of the protein to transfer phosphatidyiethanolamine between membranes. In principle, this transfer assay can be used to estimate
levels of non-specific lipid transfer protein in 105 000 xg
supernatants. On the other hand, this type of assay is rather insensitive and prone to interference by factors that may be present
in the crude supernatants. This limitation does not hold for
immunoassays which are generally believed to be very specific.
Therefore, we consider the enzyme immunoassay indispensable to
obtain meaningful data on the levels of non-specific lipid transfer
proteins in tissues.
Table I shows that all tissues examined contain the nonspecific lipid transfer protein. The highest level is observed
in liver (i.e. 0.78 ug.mg supernatant protein"!), followed by
that in the intestinal mucosa (0.46 yg.mg supernatant protein" 1 ).
It is interesting to note that when the levels of another lipid
transfer protein, i.e. phosphatidylcholine transfer protein, were
determined by radioimmunoassay, liver and mucosa were also found
to have the highest levels (26) . All other tissues tested contain
low levels of non-specific lipid transfer protein (0.06-0.13 ug.mg
supernatant protein- 1 ). Phosphatidylethanolamine transfer activity
was not detected in 105 000 xg supernatants from rat brain, indicating that the non-specific transfer protein was absent from this
tissue (20). In contrast, a distinct level of transfer protein was
observed in the present study. Rat lung supernatants do have phosphatidylethanolamine transfer activity (21) . In this study it was
shown that the transfer activity in supernatant from type II cells
was about 16 times higher than in whole lung supernatant. The
relatively high level in type II cells was taken as an argument
that this transfer protein may be involved in the transfer of
lung surfactant phospholipids. Our data show that the level of the
non-specific lipid transfer protein in whole lung supernatants is
low. Further experiments are required to determine the level in
type II cells.
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Low levels were also observed in the adrenals. Recently it
has been suggested that the non-specific lipid transfer protein
may be involved in the initial stages of corticosteroid biosynthesis, i.e. the formation of pregnenolone in the mitochondria (8).
In this study in vitro pregnenolone biosynthesis was enhanced by
the protein transferring cholesterol from lipid droplets to the
mitochondria. A cholesterol-carrying protein has been described in
cytosolic preparations from adrenals, testes and ovaries (22).
This protein, however, was not fully purified and data given by
the authors suggest that this protein is not identical to the
non-specific lipid transfer protein. Hence, the role of the nonspecific lipid transfer protein in the in vivo modulation of
adrenal and gonadal steroidogenesis, remains to be established.
It is shown in Table II that the transformation of the liver
into Morris hepatomas results in a drastic reduction of the nonspecific lipid transfer protein. Particularly, the fast-growing,
poorly differentiated Morris hepatoma 7777 has a very low level of
this protein. It has been suggested that the non-specific lipid
transfer protein may play a role in the regulation of cholesterol
metabolism (3,11). If correct, its low levels in Morris hepatomas
may be related to the abnormally regulated cholesterol biosynthesis
in these tumours (23,24). Moreover, the non-specific lipid transfer
protein may serve as an intracellular transport protein, transporting cholesterol in a directed way from one locus (e.g. endoplasmic
reticulum, lysosomes), to another within the cell. Such a function
would be in accordance with the observed high levels in liver and
mucosa, tissues that are most active in cholesterol biosynthesis
and the major sources of circulating serum cholesterol in normal
animals (25). Further studies will be needed in order to explore
thase and other possibilities.
Determination of the subcellular distribution of the nonspecific lipid transfer protein in liver (Fig. 3) revealed that in
10% (w/v) homogenates approximately 70% of the protein is present
in the supernatant fraction. Of the membrane fractions, only the
light mitjchondrial fraction has a specific activity approaching
that of the supernatant. This fraction contains mitochondria,
lysosomes and peroxisomes. Preliminary experiments have indicated
that it is the peroxisomal fraction which contains the non-specific
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lipid transfer protein. We are currently investigating this phenomenon .
The level of non-specific lipid transfer protein in rat liver
agrees with the 1500-fold purification factor needed to obtain a
homogeneous protein (3,4). In a recent study it was claimed that
the transfer protein from rat liver is essentially pure after a
2500-fold purification, but that a homogeneous, active protein requires a 10 000-fold purification

(5). In this study, the 2500-

fold purified transfer protein fraction was subjected to gel permeation high-performance liquid chromatography in the absence of a
sulfhydryl protecting agent. Under these conditions, due to the
presence of a single, free sulfhydryl group, the protein may form
inactive dimers to be separated from active monomers (Ref. 3;
B.J.H.M. Poorthuis, unpublished observation). This leads to further
apparent purification.
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ADDENDUM

If an antiserum against a protein is available, information
about the subcellular localization of the protein can be obtained
by inununo-electron microscopy, in this way the subcellular localization of the non-specific lipid transfer protein in rat liver was
studied. The method employed involved incubation of ultrathin cryosections of rat liver with specific antibodies, followed by incubation with a protein A-colloidal gold complex. Figure 4 shows the
distribution of gold particles in a cryosection of rat liver, as
visualized by electron microscopy. Gold particles are frequently
found over peroxisomes, whereas a few particles are present in the
cytosol. With a control antiserum almost no labeling was found.

Fig. 4.
Distribution of goid particles in a cryosection of rat liver.
Cryosections were first incubated with specific anti non-specific lipid transfer protein IgG and subsequently with a protein A-colloidal gold complex. A
peroxisome is visible at the centre of the micrograph.
Magnification ~ 50 OOOx (Courtesy of Dr. J.L.M. Leunissen).
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This observation prompted us to reinvestigate the subcellular
distribution of the non-specific lipid transfer protein. However,
when we fractionated liver homogenates by differential centrifugation and determined by enzyme immunoassay the levels of non-specific
lipid transfer protein in the various subcelJular fractions, conflicting results were obtained. Initially, it was found that the
light mitochondrial fraction had a relative specific activity much
higher than that of the other particulate fractions (Figure 3 ) .
This would be in agreement with the presence of the non-specific
lipid transfer protein in peroxisomes, since the light mitochondrial
fraction consists mainly of mitochondria, lysosomes and peroxisoiaes.
In later experiments, however, the relative specific activity of
the light mitochondrial fraction was much lower and did not exceed
the relative specific activity of the other particulate fractions.
We also isolated peroxisomes by centrifugation on a discontinuous sucrose gradient, as described in Chapter 2, section 2.2.
After centrifugation the peroxisomes were collected from the interface between 52 and 48.2% (w/w) sucrose and the level of nonspecific lipid transfer protein was determined by enzyme immunoassay. Now again conflicting results were obtained. In two experiments a high level of non-specific lipid transfer protein was
measured in the peroxisomal fraction (2.2 and 5.8 ug.mg protein"!,
respectively). These values are higher than levels determined in
the 105 000 xg supernatant fraction from rat liver (0.78 ± 0.23 gg.
mg protein"1). Upon lysis of these peroxisomal fractions, phosphatidylethanolamine transfer activity was released. However, in four
other peroxisomal preparations we measured levels of transfer
protein ranging from 0.03 to 0.11 ug.mg protein"1.
Determination of non-specific lipid transfer protein in isolated
subcellular fractions did not provide conclusive evidence for its
presence in peroxisomes. A possible explanation is that a crossreactive component rather than the non-specific lipid transfer
protein itself is localized in the peroxisomes. In Figure 2B, it
was shown that the antiserum reacts with a high molecular weight
substance, present in the 105 000 xg supernatant from rat liver.
This compound could be eliminated from the supernatant by heat
treatment (Figure 2C). Possibly, the peroxisomes contain a large
amount of this cross-reactive material, that is detected by immuno-
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electron microscopy. Therefore, a definitive proof for the presence
of the non-specific lipid transfer protein in peroxisomes will
require an antiserum which has an absolute specificity for this
transfer protein.
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SUMMARY

Phospholipid transfer proteins are thought to play a role in
the transfer of newly synthesized phospholipids from the site of
synthesis, i.e. the endoplasmic reticulum, to other subcellular
membranes, not capable of de novo phospholipid biosynthesis. Although these proteins are capable of transferring phospholipids
between artificial and natural membranes in vitro, their role in
the lipid economy of the cell remains to be established. One approach to learn more about their functioning in vivo is to determine the levels of these proteins in different tissues under
various physiological conditions. To this end we have developed
quantitative immunoassays for two phospholipid transfer proteins
from rat liver, i.e. the phosphatidylcholine transfer protein and
the non-specific lipid transfer protein. Immunoassays can be
developed when specific antisera are available which, in turn,
require antigens of high purity. Hence, considerable effort has
been spent on purifying the transfer proteins mentioned above.
Chapter 3 deals 'with the purification of the phosphatidylcholine transfer protein. The method developed renders a homogeneous protein at a purification of 5300-fold. This protein
turned out to be very immunogenic. A precipitating antiserum was
obtained which was specific for the phosphatidylcholine transfer
protein from rat liver. In immunodiffusion experiments, no precipitation lines were observed with the corresponding protein from
beef liver. Furthermore, the immunoglobulin G fraction, isolated
from the antiserum, was capable of completely inhibiting the rat
liver protein, whereas the beef liver protein was not inhibited.
Phospholipid transfer activities for phosphatidylcholine,
phosphatidylinositol and phosphatidylethanolamine were measured
in three hepatomas of. increasing growth rate and degree of dedifferentiation, i.e. the hepatomas 7787, 9633 and 7777, and compared to
the activities found in normal and host liver. A 2- to 3-fold
increase was found in the phosphatidylcholine and phosphatidylinositol transfer activities in the fast-growing 7777 hepatoma,
while these activities were moderately or not increased in the
7787 and 9633 hepatomas. Phosphatidylethanolamine transfer was
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found to be extremely low in all three hepatomas. The contribution
of the phosphatidylcholine transfer protein to the total phosphatidylcholine transfer activity was determined by immunotitration with
the antiserum. In rat liver, this contribution was found to be 50%.
In the fast-growing 7777 hepatoma, this contribution was 60%, whereas
in the slow-growing hepatoma 9633 the contribution was only 30%.
In Chapter 4 the development of a double-antibody radioimmunoassay for the phosphatidylcholine transfer protein is described.
The transfer protein was labeled with iodine-125 by the mild
glucose oxidase-lactoperoxidase method. Although less than one
tyrosine residue per molecule of transfer protein was labeled, only
20% of the labeled transfer protein was immunoprecipitable. This
value could be increased to 80% by purifying the labeled protein
by affinity chromatography on a column of ar.ci-phosphatidylcholine transfer protein-IgG coupled to S^pharose 4B. After this
step, the tracer met the conditions required to develop a sensitive
and specific radioimmunoassay. By use ol this assay, the levels of
phosphatidylcholine transfer protein wer>? determined in homogenates
and 105 000 xg supernatants from various .rat tissues (Chapter 5 ) .
To allow the detection of transfer protein ia fractions containing
membranes, a detergent (Triton X-100) was added to the assay medium
in order to release the antigen. The highest levels of phosphatidylcholine transfer protein were measured in liver and intestinal
mucosa. Lower values were found in kidney, spleen and lung, whereas
heart and brain contained hardly any phosphatidylcholine transfer
protein. In fetal lung a change in the level of this transfer
protein during development was observed, with a clear maximum two
days before term. This suggests an involvement of the phosphatidyi- .
choline transfer protein in the production of lung surfactant. Subcellular distribution studies showed that in 10% (w/v) homogenates
of liver, approximately 60% of the phosphatidylcholine transfer
protein was present in the 105 000 xg supernatant fraction, the
remainder being evenly distributed over the particulate fractions.
Transfer protein associated with the particulate fractions was
almost completely removed by a single washing step, suggesting a
dynamic equilibrium between membrane-bound and soluble phosphatidylcholine transfer protein.
The radioimmunoassay was also used to determine the levels of
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phosphatidylcholine transfer protein in several Morris hepatomas
(Chapter 4 ) . The values obtained were in good agreement with
results obtained by immunotitration of the phosphatidylcholine
transfer activity. However, for normal and host liver, the values
determined by radioimmunoassay were 2- to 4-fold higher. This discrepancy was further investigated in Chapter 6. It was found that
purification of the phosphatidylcholine transfer protein is accompanied by an increase of its specific transfer activity. Apparently, this increase is due to an activation of the transfer protein,
e.g. by removal of an inhibitor. However, our experiments failed to
detect such an inhibitor. Therefore, further experiments are
required to gain more insight in the mechanism of activation and
its physiological significance.
In Chapter 7, an enzyme immunoassay for the non-specific lipid
transfer protein is described. In contrast to the phosphatidylcholine
transfer protein, this protein was found to be a very poor immunogen. This could be due to its rather low molecular weight. On the
other hand, attempts to increase the immunogenicity by self-polymerization with glutaraldehyde or covalent attachment to either
bovine serum albumin or tyroglobulin, were unsuccessful. We succeeded in raising an antiserum by immunization of rabbits with a
sonicated suspension of transfer protein and egg phosphatidylcholine.
The antiserum was cross-reactive with the non-specific lipid
transfer protein present in 105 000 xg supernatants from human,
mouse and bovine liver. The non-specific lipid transfer protein
lost its immunoreactivity upon labeling with iodine-X25 using
different labeling techniques. Therefore, a regular radioimmunoassay could not be developed. The very high affinity of the protein
for polyvinyl surfaces formed the basis for the development of an
enzyme immunoassay. A reproducible adsorption was achieved by
presenting the protein to the polyvinyl surface in the presence of
a large excess of bovine serum albumin. The adsorbed protein was
detected with specific immunoglobulin and a goat anti-rabbit IgG
enzyme conjugate. Adsorption was proportional to the amount of
transfer protein present, giving rise to a linear standard curve.
This assay was used to determine the levels of non-specific lipid
transfer protein in several rat tissues. The highest levels were
found in liver and intestinal mucosa. Levels in other tissues,
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including brain, lung, kidney, spleen, heart, adrenals, ovary and
testis were 5- to 10-fold lower than in liver. It is striking that •
both the phosphatidylcholine transfer protein and the non-specific
lipid transfer protein are present in the highest concentrations
in liver and intestinal mucosa, tissues that are most active in
lipid metabolism, especially in lipoprotein metabolism. In the
fast-growing Morris hepatoma 7777 the concentration of non-specific
lipid transfer protein was approximately one-tenth of that measured
in the host liver, whereas a reduction of 65% was observed in the
slow-groring hepatoraas 7787 and 9633. This is in agreement with
the very low phosphatidylethanolamine transfer activity in these
hepatomas. Subcellular distribution studies showed that in rat
liver, approximately 70% of the non-specific lipid transfer protein
was present in the soluble supernatant fraction, as was also the
case for the phosphatidylcholine transfer protein. As regards the
non-specific lipid transfer protein, there are indications that a
part of the protein is present in peroxisomes, subcellular organelles involved in lipid metabolism. As the experiments performed on
this subject provided conflicting results, definitive proof for the
presence of this transfer protein in peroxisomen «ill have to await
further research. In this respect, it would be very useful to have
monoclonal antibodies available, in order to avoid any ambiguity
about the proteins measured.
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SAMENVATTING

De cel en de daarin voorkomende organellen worden begrensd
door membranen. Deze membranen bestaan voornamelijk uit: eiwitten
en fosfolipiden. De fosfolipide samenstelling wordt bepaald door
een dynamisch evenwicht tussen processen als synthese, afbraak
en omzetting van de verschillende fosfolipiden. De synthese van
fosfolipiden vindt vrijwel uitsluitend plaats op het endoplasmatisch reticulum. Daarom vindt er in de cel een voortdurend transport van fosfolipiden plaats van het endoplasmatisch reticulum
naar andere subcellulaire membranen, om afgebroken fosfolipiden
te vervangen en groei van deze membranen mogelijk te maken. Verondersteld wordt, dat fosfolipiden-transporterende eiwitten in
dit proces een rol spelen. Deze eiwitten, die zijn geïsoleerd uit
105 000 xg supernatanten van verschillende weefsels, zijn in
staat het transport van fosfolipiden tussen subcellulaire membranen te katalyseren. Er zijn een drietal van deze eiwitten
bekend, die verschillen wat betreft hun specificiteit. Eën eiwit
heeft een absolute specificiteit voor fosfatidylcholine; een
tweede eiwit transporteert bij voorkeur fosfatidylinositol, maar
kan ook fosfatidylcholine en fosfatidylglycerol transporteren,
terwijl een derde eiwit vrijwel alle fosfolipiden en bovendien
ook cholesterol kan transporteren.
Om een beter inzicht te krijgen in de rol die deze eiwitten
spelen in de lipide huishouding van de cel, is het noodzakelijk
om de concentraties van deze eiwitten in het cytosol nauwkeurig
te kunnen bepalen. Hiertoe zijn kwantitatieve immunoassays ontwikkeld voor twee fosfolipide transport eiwitten uit de lever van
de rat.
In Hoofdstuk 3 is de zuivering van het fosfatidylcholine
transport eiwit beschreven. Een homogeen eiwit werd verkregen na
een 5300-voudige zuivering. Tegen dit eiwit werd in konijnen een
antiserum opgewekt. De hieruit geïsoleerde immunoglobuline G
fractie was in staat de activiteit van het transport eiwit
volledig te remmen. De activiteit van het overeenkomstige eiwit
uit runderlever werd, daarentegen, niet geremd. De specificiteit
van het antiserum werd bevestigd door immunodiffusie experimenten,
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waarin uitsluitend met het ratte-eiwit een precipitaat werd
gevormd. Door titratie van een lever supernatant met IgG werd
vastgesteld dat 50% van de fosfatidylcholine transport activiteit
veroorzaakt wordt door het fosfatidylcholine transport eiwit. In
de snel groeiende Morris hepatoma 7777 was deze bijdrage 60%,
terwijl in de langzaam groeiende hepatoma 9633 een waarde van
30% werd gevonden.
Hoofdstuk 4 is gewijd aan de ontwikkeling van een radioimmunoassay voor het fosfatidylcholine transport eiwit. Hierbij
werd gebruik gemaakt van een specifieke IgG fractie, verkregen
door middel van affiniteitschromatografie. Het zuivere transport
eiwit werd gelabeld met jodium-125 via een enzymatische methode.
Het gelabelde eiwit bleek echter zijn immuno-reactiviteit grotendeels te hebben verloren. Slechts 20% van het gelabelde eiwit
werd geprecipiteerd door een overmaat IgG. Ha zuivering van het
gelabelde eiwit door middel van affiniteitschromatografie was
80% immuno-precipiteerbaar. Met behulp van deze tracer werd een
radioimmunoassay ontwikkeld, met een detectiegrens van circa
4 ng transport eiwit. Deze assay werd gebruikt om de concentratie
van het fosfatidylcholine transport eiwit in 105 000 xg supernatanten van verschillende weefsels te bepalen (Hoofdstuk 5 ) .
De hoogste concentraties werden gevonden in de lever en de
darmmucosa (160-320 ng/mg eiwit). Lagere waarden werden gemeten
in de nier, milt en long (30-90 ng/mg eiwit), terwijl in hersenen
en hart nauwelijks transport eiwit detecteerbaar was. In foetale
rattelong was een verandering in het gehalte aan fosfatidylcholine
transport eiwit waar te nemen tijdens de ontwikkeling, met een
duidelijk maximum twee dagen voor de geboorte. Deze waarneming
suggereert dat dit eiwit wellicht betrokken is bij de productie
van het long surfactant. In de lever van de rat werd de subcellulaire verdeling van het fosfatidylcholine transport eiwit
bestudeerd. In 10% (w/v) homogenaten werd 60% van het eiwit
aangetroffen in het 105 000 xg supernatant, terwijl de resterende
40% verdeeld was over de membraan fracties. Door deze fracties
te wassen werd het grootste deel van het transport eiwit verwijderd. Blijkbaar is er dus geen sterke interactie tussen het
transport eiwit en de verschillende intracellulaire membranen.
De hoeveelheid fosfatidylcholine transport eiwit in de
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105 000 xg supernatanten werd langs twee verschillende wegen bepaald: door middel van iiranunotitratie en met behulp van de radioimmunoassay (Hoofdstuk 4 ) . Voor de verschillende Morris hepatomas
was er een goede overeenstemming tussen beide methodes. In de
lever echter werden met de radioimmunoassay waarden gevonden die
2-4 maal hoger waren dan de waarden, bepaald door middel van
immunotitratie. Deze discrepantie is het onderwerp van Hoofdstuk
6. Het bleek dat tijdens de zuivering van het fosfatidylcholine
transport eiwit de specifieke transport activiteit van dit eiwit
toeneemt. Dit verklaart waarom de waarden verkregen door middel
van immunotitratie te laag waren. De toename van de specifieke
transport activiteit is waarschijnlijk het gevolg van een
activering van het eiwit tijdens de zuivering, bijvoorbeeld door
de verwijdering van een inhibitor. Het bestaan van een dergelijke
inhibitor kon echter niet worden aangetoond.
In Hoofdstuk 7 wordt een enzym inununoassay voor het nietspecifieke lipide transport eiwit beschreven. In tegenstelling tot
het fosfatidylcholine transport eiwit, bleek het bijzonder
moeilijk om tegen dit eiwit een antiserum op te wekken. Uiteindelijk werd een antiserum verkregen door konijnen te immuniseren
met een gesoniceerde suspensie van transport eiwit en ei-fosfatidylcholine. Ook dit transport eiwit bleek slecht bestand te
zijn tegen labeling met jodium-125. Daarom werd afgezien van de
ontwikkeling van een radioimmunoassay voor dit eiwit. De zeer
hoge affiniteit van het niet-specifieke lipide transport eiwit
voor polyvinyl oppervlaktes vormde het uitgangspunt voor de ontwikkeling van een enzym inununoassay. Deze assay berust op de reproduceerbare adsorptie van het transport eiwit aan een polyvinyl
oppervlak in de aanwezigheid van een overmaat albumine. Daarna
wordt het transport eiwit gedetecteerd door incubatie met
specifiek IgG, gevolgd door een incubatie met geite-antikonijne
IgG met daaraan covalent gebonden het enzym peroxidase. Langs
deze weg kunnen sub-nanogram hoeveelheden van het niet-specifieke
lipide transport eiwit worden gemeten. De hoogste concentraties
werden gemeten in 105 000 xg supernatanten van lever en darmmucosa (respectievelijk 0,78 en 0,46 ug/mg eiwit). De concentraties in hersenen, long, nier, milt, hart, bijnieren, ovaria en
testis waren 5 tot 10 maal lager dan in lever. Het is opvallend
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dat zowel het fosfatidylcholine transport eiwit als het nietspecifieke lipide transport eiwit in de hoogste concentraties
aanwezig zijn in de lever en de darmmucosa. Mogelijk hangt dit
samen met het feit dat beide orqanen zeer actief zijn in het
lipide metabolisme, en met name de voornaamste producenten zijn
van lipoproteïnen. Ook de subcellulaire verdeling van beide
eiwitten vertoonde een grote overeenkomst. In 10% (w/v) homogenaten van de lever werd 70% van het niet-specifieke lipide transport eiwit aangetroffen in het 105 000 xg supernatant. Van de
membraan fracties bleek met name de lichte mitochondriale
fractie, die behalve mitochondriën ook lysosomen en ptaroxisomen
bevat, verrijkt te zijn met dit transport eiwit. Verdere experimenten beschreven in het Addendum van Hoofdstuk 7, wezen er op
dat de peroxisomen het niet-specifieke lipide transport eiwit
bevatten, hoewel dit niet onomstotelijk kon worden aangetoond.
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