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ABSTRACT Phosphatidylcholine transfer protein (Pc-tp)
is a highly specific carrier of phosphatidylcholine (PC) with-
out known function. Proposed functions include the supply of
PC required for secretion into bile or lung air space (surfac-
tant) and the facilitation of enzymatic reactions involving PC
synthesis or breakdown. To test these functions, we generated
knock-out mice unable to make Pc-tp. Remarkably, these mice
are normal and have no defect in any of the postulated Pc-tp
functions analyzed. The lipid content and composition of the
bile, as well as lung surfactant secretion and composition, of
Pc-tp (2y2) mice, is normal. The lack of a Pc-tp contribution
to biliary lipid secretion is in agreement with our finding that
Pc-tp is down-regulated in adult mouse liver: whereas Pc-tp is
abundant in the liver of mouse pups, Pc-tp levels decrease >
10-fold around 2 wk after birth, when bile formation starts. In
adult mice, Pc-tp levels are high only in epididymis, testis,
kidney, and bone marrow-derived mast cells. Absence of Pc-tp
in bone marrow-derived mast cells does not affect their lipid
composition or PC synthesis and degradation. We discuss how
PC might reach the canalicular membrane of the hepatocyte
for secretion into the bile, if not by Pc-tp.

Phosphatidylcholine transfer protein (Pc-tp) is a 28-kDa pro-
tein originally isolated from bovine liver cytosol. In vitro this
protein can accelerate intermembrane transfer of phospholip-
ids in an energy-independent way (1). In contrast to other
phospholipid transfer proteins, Pc-tp is highly specific for
phosphatidylcholine (PC) (2). Even minor alterations of the
phosphorylcholine headgroup greatly diminish or eliminate
transfer by Pc-tp.

Despite its discovery 30 years ago and its intensive biochem-
ical characterization, remarkably little is known about the
biological function of Pc-tp. On the basis of its tissue distri-
bution and binding specificity, a variety of functions have been
proposed. A widely accepted putative function for Pc-tp is the
delivery of PC to the PC-translocator, Mdr2 P-glycoprotein
(Pgp), in the bile canalicular membrane (3–8). Pc-tp is thought
to obtain its substrate PC at the place of PC synthesis, the
cytosolic leaflet of the endoplasmic reticulum and the Golgi
apparatus (9), and shuttle the lipid as a monomer to the
cytosolic leaflet of the canalicular membrane of the hepato-
cyte, where the PC translocator can translocate PC for delivery
into bile (4).

Another role proposed for Pc-tp is in the secretion of lung
surfactant. Pc-tp mRNA levels are relatively high in the
surfactant producing type II cells (10) and increase in the fetal
mouse and rat lung in the period of accelerated surfactant
formation (11–13). Hence, Pc-tp could be involved in the PC
transfer between the endoplasmic reticulum and the surfactant
containing lamellar bodies or in PC synthesis in the type II cells
(for review see ref. 14).

Several other functions have been proposed for Pc-tp:
determining the fatty acid specificity of the PC present in bile
(7) or providing help by delivery or removal of PC in various
enzymatic reactions, such as hydrolysis of PC by phospho-
lipases (15), or in the synthesis of sphingomyelin (16) or PC
(17).

To resolve the biological function of Pc-tp, we disrupted the
Pc-tp gene in mice. Unexpectedly, none of the putative func-
tions attributed to Pc-tp appear to be defective in mice without
Pc-tp.

MATERIALS AND METHODS
Cell Culture. Embryonic stem cells, clone E14, were grown

on mitotically inactivated mouse embryonic fibroblasts in
Glasgow MEM supplemented with 10% FCSy13 nonessential
amino acidsy2 mM L-glutaminey1 mM sodium pyruvatey0.1
mM b-mercaptoethanoly103 U ESGRO-leukemia inhibitory
factoryml (GIBCO BRL). During G418 selection, the embry-
onic stem cells were grown in 60% buffalo rat liver cells
conditioned medium with 103 units ESGRO-leukemia inhib-
itory factoryml (18).

Isolation of Mouse and Human cDNAs. Two independent
rapid amplification of cDNA ends (59RACE) were performed
on 1 mg mouse RNA according to the manufacturer’s instruc-
tions (GIBCO BRL) to complete the 59 sequence information
lacking from the mouse Pc-tp clone isolated by Geijtenbeek et
al. (12). Both fragments were sequenced, and missing coding
sequence was ligated to the 39 part of the mouse cDNA.

The human cDNA was sequenced from the clone aa030013
obtained from the I.M.A.G.E. Consortium library (19). Both
cDNAs resulted in an ORF of 624 bp. The cDNA sequences
have been deposited in GenBank under database accession
nos. AF151638 (human) and AF151639 (mouse).

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

PNAS is available online at www.pnas.org.

Abbreviations: PC, phosphatidylcholine; BMMC, bone marrow-
derived mast cells; TUDC, tauroursodeoxycholate; GPC, glycerophos-
phocholine.
Database deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. AF151638 for
huPC-TP and AF151639 for muPc-tp).
‡‡To whom reprint requests should be addressed. E-mail P.Borst@

nki.nl.

11501



Disruption of the Pc-tp Gene by Homologous Recombina-
tion. From a lambda EMBL3 genomic 129yOla DNA library
(20) four independent Pc-tp clones of 10.5 kb were isolated and
characterized by Southern blotting to map the intron-exon
boundaries. These clones contained 78% of the Pc-tp coding
sequence in 5 exons B, C, D, E, and F. A sixth exon A was found
to be .3.5 kb upstream of exon B and not present in these
genomic clones.

To disrupt the Pc-tp gene, we made a targeting construct as
depicted in Fig. 2 A. In the construct, made with isogenic DNA,
60% of the Pc-tp gene was replaced by the pPgk-Neomycin-
bpA cassette in the reverse orientation. A 4.9-kb Asp-718
fragment containing the second Pc-tp exon was ligated behind
the pPgk-Neomycin-bpA cassette in PBS-KS. Subsequently the
39 arm, a 1.9-kb XbaI fragment upstream of the sixth exon, was
ligated in front of the pPgk-Neomycin-bpA cassette. One
hundred micrograms of the construct was linearized and
electroporated into 5 3 107 embryonic stem cell line (E14 ES)
with a Bio-Rad GenePulser at 3 mF and 0.8 kV per 0.4 cm.
G418-resistant clones were tested for homologous recombina-
tion by blotting the genomic DNA and hybridization with the
39 and the 59 Pc-tp probe. Of 650 G418-resistant clones, three
were identified as positives giving the expected wild-type bands
of 5 kb (39 probe) and 10 kb (59 probe) and the mutated
fragments of 12 kb (39 and 59 probe).

Protein Analysis. Tissue was homogenized in HBT buffer
(0.25 M sucrosey10 mM TriszHCl, pH7.35y1 mM EDTAy1
mM PMSFy1 mg/ml leupeptiny1 mg/ml pepstatiny1 mg/ml
aprotinin), and cells were disrupted by 20 strokes through a
23-G needle. Nuclei, mitochondria, and membranes were
removed by centrifugation with 1,000 3 g, 10,000 3 g, and
100,000 3 g, respectively. Protein concentration was deter-
mined by using a Bio-Rad protein assay. Cytosolic proteins
were separated in a 12.5% (wtyvol) SDSyPAGE gel. After
electroblotting to nitrocellulose in 25 mM Trisy200 mM gly-
ciney20% methanol, Pc-tp was visualized by staining with the
affinity purified polyclonal antibody Ab6221, followed by the
enhanced chemiluminescence procedure (Amersham Pharma-
cia). The phosphatidylinositol transfer proteins were detected
with the polyclonal antibody Ab9026 recognizing both the
Pi-tpa and the Pi-tpb form (21), and the nonspecific lipid
transfer protein (Nsl-tp) was detected with the polyclonal
antibody Ab8723.

Assay for Pc-tp Activity by Using a Fluorescent Substrate.
Membrane-free cytosol fractions from 4-day-old pup livers
were adjusted to pH 5.1 and centrifuged to remove denatured
proteins. After readjustment to pH 5.5 and dialysis against 10
mM sodium acetate (pH 5.5), samples were separated in 50
fractions on a Resource S (Amersham Pharmacia) in the same
buffer. PC transfer activity was determined by measuring the
fluorescence appearing after transfer of 2-pyrenyl-acyl-PC
from a donor vesicle containing the quencher trinitrophenyl-
phosphatidylethanolamine (PE) to an acceptor vesicle (22).
The donor vesicles consisted of 2-pyrenyl-decanoyl-PCyegg
PCyphosphatidic acid (PA)ytrinitrophenol-PE (10:70:10:10
mol %) and the acceptor vesicles of egg PC and PA (95:5 mol
%). Pi-tpa, Pi-tpb, and Nsl-tp transfer activity were measured
under identical conditions with 2-pyrenyl-decanoyl-PC but
also with donor vesicles consisting of 2-pyrenyl-decanoyl-Piy
egg PCytrinitrophenol-PE (10:80:10 mol %).

Bile Composition. Two-month-old male mice were anesthe-
tized by i.p injection of 1 ml Hypnorm (fentanylyf luanisone)
and 10 mg diazepam per kg body weight. To collect bile, the
abdomen was opened and the gallbladder was cannulated after
distal ligation of the common bile duct. The body temperature
was maintained by placing the mice on a thermostatted heating
pad and covering them with a piece of foil. Bile samples were
collected and frozen at 280°C. Bile flow was determined
gravimetrically assuming a density of 1 gyml for bile. Choline
content of PC and sphingomyelin was determined enzymati-

cally with phospholipase D and choline oxidase (23). Choles-
terol was assayed enzymatically with cholesterol oxidase (24).
Total bile salt concentration was measured spectrophotometri-
cally with 3a-hydroxysteroid dehydrogenase (25). Bile forma-
tion and lipid secretion during i.v. infusion of tauroursode-
oxycholate (TUDC): bile was collected from the cannulated
gallbladder to deplete endogenous bile salts and analyzed as
described above. After 90 min, an increasing concentration of
TUDC was infused via a tail vein from 600 nmol TUDCymin
per 100 g to 2,400 nmolymin per 100 g as before (26).

Bronchoalveolar Lavage. Mice were lightly anesthetized by
inhalation of isoflurane, and endotoxin (from Escherichia coli
serotype O111B4, Sigma) in 50 ml isotonic saline was inocu-
lated intranasally. Control mice were inoculated intranasally
with 50 ml of isotonic saline only. At 6 hr after inoculation,
mice were anesthetized with Hypnorm and midazolam. To
analyze the surfactant, the bronchoalveolar lavage fluid was
obtained. The trachea was exposed through a midline incision
and cannulated with a sterile 22G Abbocath-T catheter (Ab-
bot). Bronchoalveolar lavage was performed by instilling two
0.5-ml aliquots of sterile isotonic saline. Lavage fluid (0.8–1.0
ml per mouse) was retrieved, spun at 750 3 g for 5 min at 4°C,
and supernatants were stored at 280°C until lipid analysis.

Labeling and Separation of Lipids. Cells (1 3 106) were
preincubated in Tyrode’s salt solution for 1 hr at 37°C to
reduce cellular choline and labeled with [14C]choline chloride
(1 mCiyml medium) or with [14C]ethanolamine (0.2 mCiyml
medium) at 37°C. Lipids were extracted according to Bligh and
Dyer (27). The organic (lower) phase was dried under N2, and
lipids were applied to silica-60 TLC plates (Merck) with
chloroformymethanol (1:1). The lipids were separated in one
dimension in chloroformymethanoly25% ammonia (65:35:4).
For analysis of the water (upper) phase, the samples were dried
in a Speed-Vac (Savant, Hicksville, NY) applied to silica-60
TLC plates with waterymethanol (2:1) and separated in watery
methanolyammonia 25% (5:5:1). The TLC plates were ex-
posed to imaging screens (Fuji), and radiolabeled spots were
quantified.

Fatty acid composition in PC was determined by HPLC
analysis of the intact molecular species as described (28).
Identification of molecular species was performed by on-line
electrospray mass spectrometry as described (29).

Isolation and Incubation of Bone Marrow-Derived Mast
Cells (BMMCs). Three independent samples of BMMCs were
prepared and cultured as described (30). Cultures of wild-type
and Pc-tp (2y2) cells were indistinguishable in morphology
and growth characteristics. To induce leukotriene synthesis,
cells were incubated for 20 min as described (31) with 0.2 mM
A23187 calcium ionophore at 37°C. For leukotriene analysis,
the reaction was stopped by the addition of 4 vol of ice-cold
ethanol. Protein aggregates were removed by centrifugation,
and leukotrienes were extracted and separated by HPLC as
before (32). For lipid analysis and labeling studies, the reaction
was stopped by Bligh and Dyer extraction (27).

RESULTS
Characterization of Mouse and Human cDNAs. We deter-

mined the sequence of the mouse and human Pc-tp cDNAs.
The corresponding proteins are highly homologous to rat (6)
and bovine (12, 33) Pc-tp (Fig. 1). The hydrophobic domain
involved in the binding of the sn2 fatty acyl chain (V171-D177)
(34) is 100% identical in all four proteins, but also the
predicted antiparallel b sheet Q182-W190 and the other se-
quences adjacent to the binding domain appear to be con-
served, which suggests that the entire region is part of the
highly specific lipid-binding site. Similarly, Y54 proposed to be
at the surface of the protein yet close to the lipid-binding site
(34) is conserved in all four proteins. As the C93 is not
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conserved, we conclude that the postulated disulfide bond with
C207 is not essential for the stabilization of the protein.

We found no protein homologous to Pc-tp by searching in
GenBank, nor did any additional band come up after low-
stringency hybridization of genomic Southern blots with Pc-tp
cDNA (data not shown). These results indicate that the murine
genome contains only a single gene for Pc-tp.

Generation and Characterization of Pc-tp Knock-Out Mice.
Chimeric mice were obtained by injection of two indepen-
dently isolated Pc-tp (1y2) embryonic stem cell clones (T5
and M8) into blastocysts following standard procedures (35).
Both clones resulted in chimeric mice that transmitted the
mutated Pc-tp allele through the germline. To obtain homozy-
gous Pc-tp (2y2) mice, heterozygous mice of both strains (T5
and M8) were separately inbred. Southern blot analysis of 307
tails gave 25.1% wild-type (1y1), 49.2% heterozygous (1y2),
and 25.7% homozygous Pc-tp (2y2) mice, indicating that the
disruption of the Pc-tp gene does not significantly alter the
viability of (1y2) and (2y2) mice. The (2y2) and (1y2)
mice could not be distinguished from (1y1) mice by any
exterior abnormalities or mortality rate up to 7 mo of age (n 5
6). Extensive histological analysis of 6-mo-old males and
females revealed no substantial differences between Pc-tp
(1y1) and Pc-tp (2y2) mice. Homozygous (2y2) mice, when
inbred, are fertile and give rise to viable progeny. The litters
are of comparable size to wild type. The heterozygous, ho-
mozygous, and wild-type mouse stocks were maintained as a
cross of FVB and 129yOla (50%y50%), as the 129yOla mice
breed poorly.

The absence of an obvious phenotype in the knock-out mice
raised the question whether the gene disruption had been
successful. Fig. 2 shows that it is. Southern blot analysis with
59 and 39 probes resulted in the expected bands (Fig. 2B). Fig.
2C shows that disruption of the Pc-tp gene resulted in a
decrease in Pc-tp protein of approximately 50% in the (1y2)
and in its complete absence in the (2y2) mouse. The total PC
transfer activity in pup-liver cytosol of Pc-tp (2y2) mice
decreased 35–40% (not shown). To identify the remaining
activity, we separated the proteins on a Resource S column.
We found no increased amounts of other transfer proteins,
such as the Nsl-tp and the phosphatidylinositol transfer pro-
teins a and b (Pi-tp ayb) in the cytosol of the Pc-tp (2y2)
mice, as measured by their transfer activity in vitro and by
ELISA by using specific antibodies (data not shown). Fig. 2D
shows that PC transfer activity resulting from Pc-tp was absent
from the Pc-tp (2y2) pup liver.

PC Secretion into Bile. We have previously shown that mice
unable to make the canalicular PC translocator, the Mdr2 P-gp,
develop cholestatic liver disease, because they are unable to
secrete PC into their bile (4). Because it was thought that Pc-tp
is essential for transporting PC to the canalicular membrane to
supply the Mdr2 P-gp with a constant source of PC, we
expected a similar cholestatic liver disease in the Pc-tp knock-
out mice. The mice were fine, however. To test whether there
was any effect of the absence of Pc-tp on PC secretion, we
collected bile for 2 hr from 2-mo-old male mice by cannulating
the gallbladder after distal ligation of the common bile duct.
Compared with wild-type mice [2.9 6 0.6 mmoly2 h per 100 g
(n 5 2)], secretion of choline containing phospholipids into
bile was not diminished in Pc-tp (1y2) [3.0 6 0.1 mmoly2 h per
100 g (n 5 2)] or Pc-tp (2y2) mice [3.0 6 0.5 mmoly2 h per
100 g (n 5 2)]. Also other bile parameters, such as bile flow,
bile salt output, and cholesterol output were not affected by
disruption of the Pc-tp gene.

In an independent experiment, we infused the mice with
TUDC via a tail vein to test PC secretion at maximal capacity.
The Pc-tp (2y2) mice responded with increased PC secretion,
just like wild-type mice (Fig. 3). To check whether the phos-
pholipid composition in the (2y2) bile was altered, we
analyzed the bile by HPLC. No differences in lipid content and
lipid composition were found. In both mice, over 95% of total
phospholipid was PC (not shown).

FIG. 1. Sequence alignment of the deduced amino acid sequence
of mammalian Pc-tps given in one-letter code. Amino acid sequences
of mouse (muPc-tp), rat (ratPc-tp), human (huPC-TP), and bovine
(bosPC-TP) Pc-tp deduced from the corresponding cDNAs. A dash
indicates an amino acid identical to the mouse consensus, and an
asterisk indicates a deletion. Highly similar amino acids are shaded in
dark gray, and amino acids with a lower similarity are shaded in light
gray. The overall similarity and identity of the PC-TPs to mice Pc-tp
are indicated.

FIG. 2. Targeting of the Pc-tp gene by homologous recombination.
(A) Structure of the five Pc-tp exons in the isolated genomic clone and
the targeting vector with the Neomycin cassette flanked by 4.9 kb and
1.9 kb of 59 and 39 arms, respectively. The locations of the 59 and the
39 probes flanking the homologous arms are indicated, as are the
expected fragments after SspI digestion. (B) Southern blot analysis of
SspI digest of mouse tail DNA hybridized with either the 59 or the 39
probe and showing the expected genomic fragments in Pc-tp (1y1),
Pc-tp (1y2), and Pc-tp (2y2) mice. (C) Western blot analysis with the
polyclonal antibody Ab6221 detected as in Materials and Methods
showing a decrease of Pc-tp in the cytosol of an 8-day-old Pc-tp (1y2)
pup, and the complete absence of Pc-tp in a Pc-tp (2y2) pup (20 mg
proteinylane). (D) Pc-tp activity in pup liver cytosol fractions from the
Resource S column. PC and phosphatidylinositol (PI) transfer activity
were determined as in Materials and Methods. By presenting the ratio
of PC and PI transfer activity, the contribution of Pi-tp and Nsl-TP to
the PC transfer activity was corrected for.
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Pc-tp has the highest affinity for PC with a fatty acid
composition resembling that of bile PC. This led to the
suggestion that Pc-tp determines the selection of the PC
species characteristic for bile (7). Table 1A shows, however,
that the fatty acids in bile PC of Pc-tp (2y2) mice are
indistinguishable from those of wild-type mice.

Surfactant Production in Lung. PC is a major component of
lung surfactant, and it has been suggested that Pc-tp is required
for surfactant formation or secretion. Indeed, the Pc-tp level

peaks in the fetal mouse and rat lung in the period of
accelerated surfactant formation (11–13). However, we did not
notice any respiratory distress in the Pc-tp null mice after birth
or later. Electron microscopy analysis of the adult lung of Pc-tp
(2y2) mice shows no morphological abnormalities either.
Lamellar bodies look typical, and surfactant is secreted nor-
mally (Fig. 4). To induce maximal PC secretion in the lung, the
mice were instilled with lipopolysaccharides. Even under these
stressed conditions, the null mice made normal amounts of
surfactant and there was no change in the fatty acid compo-
sition of the PC species present in surfactant (Table 1B).

Tissue Distribution and Intracellular Localization of Pc-tp.
Because the Pc-tp (2y2) mice did not give the expected
phenotype, we checked the reported tissue distribution of
Pc-tp in the tissues of 2- to 3-mo-old mice by using Western
blotting with an antibody specific for Pc-tp. For most tissues,
the murine Pc-tp levels (Table 2) nicely correlate with data
reported earlier for the rat (13). Only liver shows an unex-
pectedly low level of Pc-tp in adult mice, in marked contrast to
the high Pc-tp levels detected in pup livers (Fig. 2C). Fig. 5
shows that Pc-tp is high in the first week after birth but falls to
a hardly detectable level within 2 wk after birth. Because
hematopoiesis takes place in the pup liver, and because Pc-tp
is high in BMMCs (Table 2), it seemed possible that Pc-tp is
not present in the hepatocytes but in the blood cells maturing
in the pup liver. Immunohistochemical analysis showed, how-
ever, that Pc-tp is present in the hepatocytes (Fig. 6C).

Whereas the Pc-tp in the testis is present in all cells involved
in spermatogenesis, the Pc-tp in the epididymis is restricted to
the epithelial cells covering the sperm ducts (Fig. 6E) and
absent from mature spermatozoa. Previous work has suggested
that Pc-tp is a cytosolic protein (13), and our light microscop-
ical pictures are compatible with this localization of Pc-tp.

PC Metabolism. To test whether Pc-tp has an effect on the
synthesis of PC, we labeled BMMCs and mouse pup livers with
[14C]choline. The BMMCs from Pc-tp (1y1) and Pc-tp (2y2)
mice were grown in the presence of IL-3 for 4 wk to get .98%
pure primary cells. We found no effect of the presence of Pc-tp
on the labeling kinetics in these cells (not shown). Also the
total phospholipid composition under steady-state conditions
and the different PC species did not differ significantly be-
tween Pc-tp (1y1) and (2y2) cells (not shown). This makes
it very unlikely that Pc-tp plays an indispensable role in PC
synthesis, hydrolysis, reacylation, or even in sphingomyelin
synthesis. No differences in labeling kinetics or phospholipid
composition were found in radiolabeled homogenized pup
livers either (not shown).

Leukotriene Synthesis. Because leukotriene synthesis and
secretion is a major activity of mast cells, Pc-tp might have a
role in the supply of the arachidonic acid containing PCs to the

FIG. 3. Analysis of bile from Pc-tp (1y1) and (2y2) mouse strains
during i.v. infusion of TUDC. Wild-type (F) and Pc-tp (2y2) mice (E)
were cannulated in the gallbladder; bile was sampled for 90 min to
deplete the bile salt pool and then TUDC was infused via a tail vein
at the indicated increasing rates. Data represent means of three mice
(6SD). (Top) Bile salt secretion; (Middle) cholesterol secretion;
(Bottom) phospholipid secretion.

Table 1. PC species in mol percent of total PC present in bile and
in lung surfactant

PC species

mol %

Pc–tp(1y1) Pc–tp(2y2)

In bile

C16:0–C16:1 1.5 6 0.8 0.4 6 0.4
C16:0–C18:1 10.1 6 0.4 5.1 6 2.6
C16:0–C18:2 60.0 6 3.5 61.9 6 2.8
C16:0–C20:3 0.6 6 0.4 0.1 6 0.1
C16:0–C20:4 13.0 6 1.0 12.5 6 0.8
C16:0–C22:6 9.3 6 0.9 9.8 6 0.1
C16:1–C18:2 1.0 6 1.0 1.7 6 0.9
C18:0–C18:2 4.2 6 0.3 8.3 6 2.6
C18:0–C20:4 0.3 6 0.2 0.3 6 0.1

In lung surfactant

C16:0–C16:0 45.4 6 0.9 41.6 6 5.0
C16:0–C16:1 10.1 6 0.2 8.8 6 0.7
C16:0–C18:1 6.5 6 0.7 5.7 6 0.8
C16:0–C18:2 26.6 6 0.8 25.4 6 2.2
C16:0–C20:4 6.6 6 0.5 5.7 6 0.6
C16:0–C22:6 1.4 6 0.0 1.4 6 0.2
C18:0–C18:1 0.3 6 0.2 0.1 6 0.1
C18:0–C22:6 2.6 6 0.7 3.1 6 1.7

FIG. 4. Electron microscopic analysis of type II cells. (A) Pc-tp
(1y1) lung; (B) Pc-tp (2y2) lung. LB, lamellar bodies; AV, alveolar
spaces; arrows point to surfactant secreted from the type II cells. Bar 5
1 mm.
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Ca21 sensitive phospholipase A2 (PL-A2). On stimulation of
this enzyme with Ca21, arachidonic acid is liberated, and this
is converted into the leukotrienes that are released from the
BMMCs (31). Three independent wild-type and three inde-
pendent Pc-tp (2y2) BMMC cell cultures were labeled to
equilibrium with [14C]choline for 72 hr. We then stimulated PC
hydrolysis with the Ca21 ionophore A23187 and analyzed the
formation of lyso-PC and the synthesis and secretion of
leukotrienes. The absence of Pc-tp had no effect on PC
hydrolysis (not shown) or on leukotriene synthesis. In both
Pc-tp (1y1) and Pc-tp (2y2) BMMCs, we observed a clear
increase of dihydroxyeicosatetraenoic acids (DiHETEs) and
leukotriene-B4s (LTB4s) after stimulation. The amounts of
LTB4 (105 6 28y107 cells) and 5,6 DiHETEs (20 6 7y107 cells)
in wild-type cells were similar to the amounts in Pc-tp (2y2)
cells, 101 6 42 and 17 6 4y107 cells, respectively.

DISCUSSION
Previous work by us and others has led to the idea that Pc-tp
plays an essential role in providing PC for secretion into the
bile. The results presented here show that this idea is wrong.
Maximal rates of PC secretion into bile are unaltered in our
Pc-tp (2y2) mice. It is improbable that our mice compensate
for the absence of Pc-tp by overproducing other PC transport
proteins, because we found no increase in the hepatic levels of
the other known phospholipid transfer proteins, Nsl-TP and
Pi-tp ayb, in the Pc-tp (2y2) mice. The absence of an effect
of Pc-tp on PC secretion is in agreement with the regulation
of Pc-tp levels in normal mouse liver: around the time that bile
secretion begins, there is a precipitous fall in the level of
hepatic Pc-tp.

Taken together, these data prove that Pc-tp cannot play a
major role in transporting PC from its place of synthesis in the

endoplasmic reticulum to the canalicular membrane of the
hepatocyte. How this lipid does get to the canalicular mem-
brane is unclear.

We see three possibilities: (i) monomeric PC transport by a
transport protein that remains to be identified; (ii) vesicular
transport directly to the canalicular membrane. This alterna-
tive has been proposed on the basis of inhibitor experiments
(37–39) but seemed unlikely because of the absolute require-
ment for a functional Mdr2 gene (4). This gene encodes a
P-glycoprotein (Pgp) that can translocate PC from the inner
leaflet to the outer leaflet of the plasma membrane (4, 40, 41).
In the absence of the Mdr2 Pgp PC secretion is abolished (4).
If PC would arrive at the canalicular membrane by vesicular
transport, one would expect that 50% of the PC is delivered to
the outer leaflet and directly available for entry into bile
without intervention of the Mdr2 Pgp. However, no PC
secretion into bile was found in the Mdr2 Pgp (2y2) mice (see
ref. 4). It is possible, however, that the Mdr2 Pgp is not only
actively flipping PC from inner to outer leaflet, but also
destabilizing the outer leaflet in the process. This destabiliza-
tion by the increased lateral pressure in the exoplasmic leaflet
of the canalicular membrane could facilitate the extraction of
PC from the membrane by bile salts. Indeed, the characteristic
vesicular structures that bulge from the canalicular membrane

FIG. 5. Pc-tp levels in mouse liver as a function of time after birth.
Equal amounts of protein from liver cytosol isolated from Pc-tp (1y1)
mice of different age were loaded on the gel. Pc-tp expression was
detected by incubating the Western blot with the polyclonal antibody
Ab6221 and visualized with the enhanced chemiluminescence proce-
dure as in Materials and Methods.

Table 2. Tissue distribution of mouse Pc–tp determined with an
antibody against Pc–tp

Stomach 2 Skeletal muscle 1y2
Duodenum 2 Hart muscle 1y2
Jejunum 1y2 Spleen 1
Ileum 1y2 Thymus 2
Caecum 1 Central nervous system 2
Colon 1 Skin 2
Liver 1y2 Fat tissue 2
Liver (pup) 11111 Testis 111
Bladder 1 Epididymis 1111
Kidney 11 Secondary sex glands 2
Adrenal 1y2 Milk gland 1y2
Lung 1 Uterus 1y2

BMMC 11111

Total protein was isolated from the different tissues, and analyzed
by Western blotting with the polyclonal antibody Ab6221 as in Material
and Methods. The relative expression levels are indicated by 1y2
(hardly detectable) to 11111 (highest expression).

FIG. 6. Immunohistochemical detection of Pc-tp in sections of
formaldehyde fixed paraffin sections. Sections were incubated with a
1:50 dilution of the polyclonal antibody Ab6221 for A–D and Ab6222
for E–H as before (36). (A) Section of an 8-wk-old Pc-tp (1y1) liver;
(B) section of an 8-wk-old Pc-tp (2y2) liver; (C) section of a 2-day-old
Pc-tp (1y1) liver; (D) section of a 2-day-old Pc-tp (2y2) liver; (E)
section of an 8-wk-old Pc-tp (1y1) testis; (F) section of an 8-wk-old
Pc-tp (2y2) testis; (G) section of an 8-wk-old Pc-tp (1y1) epididymis;
and (H) section of an 8-wk-old Pc-tp (2y2) epididymis.
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into the bile (42) depend on the presence of a functional Mdr2
Ppg (43). Even PC directly delivered to the outer leaflet of the
canalicular membrane might therefore not be available for
secretion unless the Mdr2 Pgp is active. (iii) Secretion of
plasma (lipo)proteins requires intensive vesicular transport to
the basolateral membrane of the hepatocyte (44, 45). The PC
deposited in the basolateral part of the outer plasma mem-
brane leaflet in this way cannot reach the canalicular mem-
brane, as lateral diffusion is prevented by the tight junctions
(46). These junctions do not block lateral diffusion in the inner
leaflet of the plasma membrane, however. In this way the PC
would reach the Mdr2 Pgp in the canalicular membrane to be
flipped to the outer leaflet.

Alternatives i and iii provide the best explanation for the
observation that bile PC differs from hepatocyte PC in fatty
acid composition (47, 48). This difference could be caused
either by selective transport, or by selective translocation by
the Mdr2 Pgp. Alternative ii can explain this difference only by
postulating selective vesicular transport of bile-specific PC.
This seems an unlikely option.

In adult mice, we found only high levels of Pc-tp in epidid-
ymis, testis, and BMMCs, and somewhat lower levels in kidney.
Especially striking is the intense staining of the epithelial cells
covering the sperm ducts in the epididymis. These cells secrete
high amounts of glycerophosphocholine (GPC), which is in-
volved in the capacitation of the sperm. GPC is made from
precursor PC by removing the two fatty acids. This raised the
question whether Pc-tp might be involved in GPC formation,
but we have found no indication for this. The fertility of the
male Pc-tp (2y2) mice was not altered, nor was the GPC
content of the epididymis (not shown). The kidney also
produces significant amounts of GPC to regulate the osmo-
larity of the epithelial cells facing the distal part of the tubuli.
No morphological abnormalities were found by lightmicro-
scopical analysis of the Pc-tp (2y2) kidneys. So Pc-tp does not
contribute to the production of GPC, or compensation occurs
when this protein is lacking.

Our conclusion is that the physiological function of Pc-tp
remains unknown. Our analysis of Pc-tp (2y2) mice appears
to eliminate all functions previously proposed and additional
functions that could follow from its transport specificity and
tissue distribution. Further analysis of these mice that are
available to other investigators, with no strings attached,
should help to find the physiological function of Pc-tp.

We thank our colleagues for critical comments on the manuscript,
P. Krimpenfort, R. Bobeldijk, and K. van Veen for blastocyst injec-
tions, and A. J. Schrauwers and C. Friederichs for excellent biotech-
nical assistance. This work was supported by a program grant from the
Netherlands Foundation for Medical Research with financial aid from
the Netherlands Organization for Scientific Research (NWO).

1. Wirtz, K. W. & Zilversmit, D. B. (1968) J. Biol. Chem. 243,
3596–3602.

2. Kamp, H. H., Wirtz, W. A., Baer, P. R., Slotboom, A. J.,
Rosenthal, A. F., Paltauf, F. & van Deenen, L. L. (1977)
Biochemistry 16, 1310–1316.

3. Cohen, D. E., Leonard, M. R. & Carey, M. C. (1994) Biochemistry
33, 9975–9980.

4. Smit, J. J., Schinkel, A. H., Oude Elferink, R. P., Groen, A. K.,
Wagenaar, E., van Deemter, L., Mol, C. A., Ottenhoff, R., van
der Lugt, N. M., van Roon, M. A., et al. (1993) Cell 75, 451–462.

5. Cohen, D. E. (1996) Semin. Liver Dis. 16, 191–200.
6. Feng, L. & Cohen, D. E. (1998) J. Lipid Res. 39, 1862–1869.
7. LaMorte, W. W., Booker, M. L. & Kay, S. (1998) Hepatology 28,

631–637.
8. Oude Elferink, R. P. J., Tytgat, G. N. J. & Groen, A. K. (1997)

FASEB J. 11, 19–30.
9. Kent, C. (1995) Annu. Rev. Biochem. 64, 315–343.

10. Batenburg, J. J., Ossendorp, B. C., Snoek, G. T., Wirtz, K. W.,
Houweling, M. & Elfring, R. H. (1994) Biochem. J. 298, 223–229.

11. Engle, M. J., van Golde, L. M. & Wirtz, K. W. (1978) FEBS Lett.
86, 277–281.

12. Geijtenbeek, T. B., Smith, A. J., Borst, P. & Wirtz, K. W. (1996)
Biochem. J. 316, 49–55.

13. Teerlink, T., Van der Krift, T. P., Post, M. & Wirtz, K. W. (1982)
Biochim. Biophys. Acta 713, 61–67.

14. Batenburg, J. J. (1992) Am. J. Physiol. 262, L367–L385.
15. Geijtenbeek, T. B., Westerman, J., Heerma, W. & Wirtz, K. W.

(1996) FEBS Lett. 391, 333–335.
16. Voelker, D. R. & Kennedy, E. P. (1983) Methods Enzymol. 98,

596–598.
17. Khan, Z. U. & Helmkamp, G. M., Jr. (1990) J. Biol. Chem. 265,

700–705.
18. Hooper, M., Hardy, K., Handyside, A., Hunter, S. & Monk, M.

(1987) Nature (London) 326, 292–295.
19. Lennon, G., Auffray, C., Polymeropoulos, M. & Soares, M. B.

(1996) Genomics 33, 151–152.
20. te Riele, H., Maandag, E. R. & Berns, A. (1992) Proc. Natl. Acad.

Sci. USA 89, 5128–5132.
21. Snoek, G. T., de Wit, I. S., van Mourik, J. H. & Wirtz, K. W.

(1992) J. Cell Biochem. 49, 339–348.
22. van Paridon, P. A., Gadella, T. W., Jr., Somerharju, P. J. & Wirtz,

K. W. (1988) Biochemistry 27, 6208–6214.
23. Gurantz, D., Laker, M. F. & Hofmann, A. F. (1981) J. Lipid Res.

22, 373–376.
24. Allain, C. C., Poon, L. S., Chan, C. S., Richmond, W. & Fu, P. C.

(1974) Clin. Chem. 20, 470–475.
25. Turley, S. D. & Dietschy, J. M. (1978) J. Lipid Res. 19, 924–928.
26. Oude Elferink, R. P., Ottenhoff, R., van Wijland, M., Frijters,

C. M., van Nieuwkerk, C. & Groen, A. K. (1996) J. Lipid Res. 37,
1065–1075.

27. Bligh, E. G. & Dyer, W. J. (1959) Can. J. Biochem. Physiol. 37,
911–917.

28. Brouwers, J. F., Gadella, B. M., van Golde, L. M. & Tielens, A. G.
(1998) J. Lipid Res. 39, 344–353.

29. Brouwers, J. F., Versluis, C., van Golde, L. M. & Tielens, A. G.
(1998) Biochem. J. 334, 315–319.

30. Domen, J., van der Lugt, N. M., Laird, P. W., Saris, C. J., Clarke,
A. R., Hooper, M. L. & Berns, A. (1993) Blood 82, 1445–1452.

31. Razin, E., Mencia-Huerta, J. M., Lewis, R. A., Corey, E. J. &
Austen, K. F. (1982) Proc. Natl. Acad. Sci. USA 79, 4665–4667.

32. Wijnholds, J., Evers, R., van Leusden, M. R., Mol, C. A., Zaman,
G. J., Mayer, U., Beijnen, J. H., van der Valk, M., Krimpenfort,
P. & Borst, P. (1997) Nat. Med. 3, 1275–1279.

33. Cohen, D. E. & Green, R. M. (1995) Gene 163, 327–328.
34. Westerman, J., Wirtz, K. W., Berkhout, T., van Deenen, L. L.,

Radhakrishnan, R. & Khorana, H. G. (1983) Eur. J. Biochem.
132, 441–449.

35. Bradley, A. (1987) in Teratocarcinomas and Embryonic Stem Cell:
A Practical Approach, ed. Robertson, E. J. (IRL Press, Oxford),
pp. 113–152.

36. Smit, J. J., Schinkel, A. H., Mol, C. A., Majoor, D., Mooi, W. J.,
Jongsma, A. P., Lincke, C. R. & Borst, P. (1994) Lab. Invest. 71,
638–649.

37. Barnwell, S. G., Lowe, P. J. & Coleman, R. (1984) Biochem. J.
220, 723–731.

38. Apstein, M. D. (1984) Gastroenterology 87, 634–638.
39. Apstein, M. D. & Russo, A. R. (1985) Dig. Dis. Sci. 30, 253–256.
40. Ruetz, S. & Gros, P. (1994) Cell 77, 1071–1081.
41. van Helvoort, A., Smith, A. J., Sprong, H., Fritzsche, I., Schinkel,

A. H., Borst, P. & van Meer, G. (1996) Cell 87, 507–517.
42. Crawford, J. M., Möckel, G. M., Crawford, A. R., Hagen, S. J.,

Hatch, V. C., Barnes, S., Godleski, J. J. & Carey, M. C. (1995) J.
Lipid Res. 36, 2147–2163.

43. Crawford, A. R., Smith, A. J., Hatch, V. C., Oude Elferink, R. P.,
Borst, P. & Crawford, J. M. (1997) J. Clin. Invest. 100, 2562–2567.

44. Sztul, E. S., Howell, K. E. & Palade, G. E. (1983) J. Cell Biol. 97,
1582–1591.

45. Bellringer, M. E., Rahman, K. & Coleman, R. (1988) Biochem.
J. 249, 513–519.

46. van Meer, G. & Simons, K. (1986) EMBO J. 5, 1455–1464.
47. Kawamoto, T., Okano, G. & Akino, T. (1980) Biochim. Biophys.

Acta 619, 20–34.
48. Coleman, R. & Rahman, K. (1992) Biochim. Biophys. Acta 1125,

113–133.

11506 Medical Sciences: van Helvoort et al. Proc. Natl. Acad. Sci. USA 96 (1999)


