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ATP-dependent phosphatidylcholine translocation in
rat liver canalicular plasma membrane vesicles

Anne T. Nies, Zenaida Gatmaitan, and Irwin M. Arias!

Department of Physiology, Tufts University School of Medicine, Boston, MA 02111

Abstract Phosphatidylcholine (PC) translocation was stud-
ied in rat liver canalicular plasma membrane vesicles using a
fluorescent PC analogue that permitted the quantitation of
asymmetric PC distribution in the outer and inner leaflet of
the vesicles. PC translocation to the outer leaflet of the canali-
cular membrane was stimulated by ATP and an ATP-regener-
ating system in a time- and temperature-dependent manner
resulting in 200 pmol PC translocated/mg protein per 30
min. A non-hydrolyzable ATP analogue did not support
translocation. Translocating activity was observed with PC but
not with phosphatidylethanolamine and was specific for in-
side-out oriented canalicular membrane vesicles. Addition of
taurocholate (10 pum), a micelle-forming bile acid, enhanced
ATP-dependent PC translocation 1.5 * 0.1-fold, whereas ad-
dition of taurodehydrocholate (10 um), a non-micelle-forming
bile acid, did notB8 These results indicate the presence of
an ATP-dependent transporter that “flips” phosphatidyl-
choline from the inner to the outer leaflet of the rat bile
canalicular plasma membrane from where it can become
associated with bile acids in the canalicular lumen, thereby
enhancing ATP-dependent flipping activity. Several lines of
evidence suggest that the transporter is Mdr2 P-glycopro-
tein.—Nies, A. T., Z. Gatmaitan, and I. M. Arias. ATP-de-
pendent phosphatidylcholine translocation in rat liver canali-
cular plasma membrane vesicles. J. Lipid Res. 1996. 37:
1125-1136.

Supplementary key words flippase activity e bile salts ® P-glycopro-
tein ® Mdr2

Bile formation is an important function of the liver in
all vertebrates. Hepatic bile is formed by excretory
pathways for lipophilic exogenous (e.g., drugs, environ-
mental chemicals) and endogenous compounds, such as
phospholipids, bile salts, cholesterol, and anionic conju-
gates (e.g., bilirubin glucuronide, leukotriene C4GSH).
Specific transport systems for the active secretion of bile
salts (1-3) and non-bile acid organic anions (4, 5) into
bile have been described. The processes by which cho-
lesterol and phospholipids (mainly phosphatidyl-
choline) enter bile are incompletely understood (6-8).
A main focus of investigation is to understand how
biliary phosphatidylcholine (PC) molecules are continu-
ously secreted without affecting function and structure

of the bile canalicular membrane.

Biliary PC is synthesized intracellularly in the en-
doplasmic reticulum (9) and is proposed to be delivered
to the canalicular membrane by a cytosolic PC-translo-
cating protein (10) or by vesicular transport (11). Having
reached the canalicular membrane, PCis postulated (12)
to be translocated from the inner to the outer leaflet by
a transmembrane translocator (13, 14). The next step in
bile formation involves bile salt-induced vesiculation of
lipid microdomains in the outer leaflet of the canalicular
membrane, as recently shown by Crawford et al. (15).
Two proteins have been postulated to be involved in
transmembrane PC translocation. 1) Recent investiga-
tions of multidrug resistance demonstrated an impor-
tant role for Mdr2 P-glycoprotein in PC translocation.
Mdr2 is the dominant P-glycoprotein expressed in bile
canalicular plasma membrane (16). Whereas the func-
tion of Mdrl P-glycoprotein is well described as an
ATP-dependent transporter for chemotherapeutic
drugs and other hydrophobic cations across the canali-
cular membrane (for review see 17), the function of
Mdr2 does not involve multidrug resistance. Important
studies by Smit et al. (18) showed that mice that bear a
null allele at the mdr2 locus have normal biliary concen-
trations of bile acids but lack PC in bile. These mice
became jaundiced and developed inflammation, ne-

Abbreviations: CMV, canalicular membrane vesicles; SMV,
sinusoidal membrane vesicles; ySV, yeast secretory vesicles; ¥GT,
Yglutamyltransferase; Ce-NBD-PC, 1l-acyl-2[6-[(7-nitro-2-1,3-benzoxa-
diazol4-yl)amino]caproyl]phosphatidylcholine; C12-NBD-PC, 1- acyl-
2[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino}dodecanoyl] phosphatidyl-
choline; NBD-PE, 1-acyl-2[6-[(7-nitro-2-1,3-benzoxadiazol-
4-yl)amino]caproyljphosphatidylethanolamine; PC, phosphatidyl-
choline; Fj, initial fluorescence; Fp, fluorescence after dithionite
treatment; Fr, fluorescence after dithionite and Triton treatment; TC,
taurocholate; diC4PC, L-dibutyroyl-glycero-3-phosphatidylcholine.
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crosis, and fibrosis of small bile ductular epithelium. The
liver pathology is proposed to be due to the lack of PC
that can no longer form mixed micelles with TC which
can act as a potent detergent, affecting small bile ducts.
In mice transgenic for human MDR3, the human homo-
logue of murine mdr2, PC translocation across the
plasma membrane of fibroblasts was enhanced com-
pared to results in control fibroblasts (19). Furthermore,
transfection of cells with mdr2 results in expression of
Mdr2 (170 kDa) in the plasma membrane but does not
confer multidrug resistance (20). In secretory vesicles of
yeast (ySV) transfected with murine mdr2, ATP-depend-
ent PC translocation was observed (21). Collectively,
these findings support the hypothesis that Mdr2 is in-
volved in ATP-dependent translocation of PC across the
canalicular membrane. The second candidate PC
translocator is an ATP-independent process which was
observed in canalicular membrane vesicles by Berr,
Meier, and Stieger (14).

Using a water-soluble, fluorescent acyl-caproyl-PC
analogue and assay conditions described by Ruetz and
Gros (21), we investigated whether a PC translocating
protein which is functionally similar to the murine Mdr2
protein expressed in ySV (21), is present in rat liver
canalicular membrane vesicles.

MATERIALS AND METHODS

Animals and materials

Male Sprague-Dawley rats were obtained from Char-
les River Laboratories (Wilmington, MA). [3H(G)]TC (2
Ci/mmol) was obtained from DuPont-New England
Nuclear (Boston, MA). Polyclonal antibody against the
extracellular domain of y-glutamyltransferase (y-GT) was
kindly provided by Dr. Masayasu Inoue (Osaka City
Medical School, Japan). NBD-labeled phospholipids, Cs-
NBD-PC, 1-acyl-2[6-{(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]caproyl]phosphatidylcholine, C19-NBD-PC, 1-
acyl-2[6-[(7-nitro-2-1,3-benzoxadiazol4-yl)amino]dodeca-
noyl]phosphatidylcholine, and NBD-PE, 1-acyl-2[6-[(7-ni-
tro-2-1,3-benzoxadiazol-4-yl)amino]caproyl|phospha-
tidylethanolamine, were obtained from Avanti Polar
Lipids Inc. (Alabaster, AL) with “acyl” representing the
fatty acid content of egg lysophosphatidylcholine (62%
palmitic acid, 29% stearic acid, 9% unsaturated fatty
acids). The Bio-Rad dye reagent was from Bio-Rad Labo-
ratories (Hercules, CA). PC-specific phospholipase C
(E.C. 3.1.4.3) and alkaline phosphatase (E.C. 3.1.3.1)
were purchased from Boehringer Mannheim
(Mannheim, Germany). Pronase E (protease type XXV
from Streptomyces griseus) and all other chemicals were
obtained from Sigma (St. Louis, MO) and were of high-
est purity available.
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Subcellular fractionation

Canalicular membrane vesicles (CMV, 22) and
sinusoidal membrane vesicles (SMV, 23) were prepared
and purified as described previously. Total microsomes
were isolated as described by Saucan and Palade (24).
All subcellular fractions were resuspended in buffer A
(10 mM Tris-HEPES, pH 7.4, 250 mM sucrose, 0.2 mM
CaCly) and kept at -80°C.

Protein concentrations were measured according to
Bradford (25) using the Bio-Rad dye reagent and bovine
serum albumin as standard.

In some experiments, PC content of the vesicles was
enzymatically measured using PC-specific phospholi-
pase C and alkaline phosphatase in borate buffer (26).
Released inorganic phosphate was measured according
to Taussky and Schorr (27). Total PC content of CMV
was 2.7 + 0.3 pmol/mg protein (n = 7).

Separation of inside-out and right-side-out vesicles

The CMYV preparation yields about 90% right-side-out
and 10% inside-out oriented vesicles (1, 22, 28). When
measuring LAP activity in the absence and presence of
0.1 mg SDS/mg protein, specific LAP activity was 7.2 +
2.9% (n = 5) higher than that observed in the absence of
detergent confirming that about 10% of the vesicles
were inside-out. In some experiments, inside-out ori-
ented vesicles were separated from right-side-out ori-
ented vesicles by antibody-induced density perturbation
through a continuous 20-50% sucrose gradient as de-
scribed previously (22, 28). Briefly, CMV were incubated
with anti-y-GT antiserum which recognizes the extracel-
lular domain of ¥GT (22). After 20 min incubation at
37°C and subsequently at 4°C, anti-rabbit IgG antiserum
was added. After incubation for 30 min at 37°C, mem-
brane samples were layered on a continuous sucrose
density gradient (20-50% sucrose in 10 mM Tris-HEPES,
pH 7.4, with a 60% sucrose cushion). After centrifuga-
tion for 60 min at 17,000 g vesicles were recovered from
the low density fractions (fractions 2-4) and from the
high density fractions (fractions 5-8 of the sucrose
gradient), resuspended in a small volume of buffer A
and kept at -80°C until labeling with NBD-PC. Vesicles
recovered from the low density fractions were mainly
oriented inside-out and vesicles collected from the high
density fractions were mainly right-side-out (1, 22, 28)
(Table 1).

Transport studies

TC transport was measured by rapid filtration (29).
The transport incubation medium contained 10 pm
[3H]TC, 5 uM TC, 1.2 mM ATP, and an ATP-regenerat-
ing system (3 mM phosphocreatine, 3.6 pg creatine
phosphokinase) in buffer B (10 mM Tris-HEPES, pH 7.4,
250 mM sucrose, 0.2 mM CaClg, 10 mM MgClp). Trans-
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TABLE 1. PC translocation in inside-out and right-side-out oriented canalicular membrane vesicles

LAP Activity % Inside-Out ATP-Dependent PC Translocation®
Preparation, Oriented per Unit LAP Activity
Fraction - Detergent + Detergent Vesicles pmol/ml/30 min + Detergent Factor
Preparation 1
Inside-out vesicles 2.1 8.8 76 3.2 0.36 17.9
Right-side-out vesicles 13.1 14.2 8 0.3 0.02
Preparation 2
Inside-out vesicles nd 1.3 nd 8.1 6.21 11.6
Right-side-out vesicles nd 13.6 nd 7.3 0.54
Preparation 3
Inside-out vesicles nd 19 nd 0.8 0.40 9.3
Right-side-out vesicles nd 89 nd 0.4 0.07

Inside-out and right-side-out oriented vesicles were separated as described in Experimental Procedures. Inside-out vesicles were recovered
from low density fractions and right-side-out vesicles from high density fractions.

“ATP-dependent PC translocation is given in pmol Ce-NBD-PC/ml per 30 min. Because antibody had bound to the right-side-out vesicles, PC
translocation activity could not be expressed per mg protein. Therefore, PC translocation is expressed per unit LAP activity (1 unit LAP activity
=1 umol hydrolyzed leucine-p-nitroaniline/ml per 30 min). PC concentration was measured in preparation 1 and was 2.2 and 3.3 pmol/mi in

inside-out and right-side-out vesicles, respectively; nd, not determined.

port was initiated by addition of 20 pl vesicle suspension
in buffer A (30-70 pg protein) to 0.1 ml of incubation
medium. Aliquots were removed after 75 sec, diluted
with 1 ml ice-cold buffer B, and immediately filtered
through a glass microfiber filter (GF/C, 0.45 pm pore
size, Whatman, Maidstone, UK). The filters were washed
with 5 ml ice-cold buffer B. Radioactivity trapped on the
filters was measured in a liquid scintillation counter (LS
1801, Beckman, Palo Alto, CA). All values were cor-
rected for radioactivity bound to the filters in the ab-
sence of membrane vesicles.

The asymmetric distribution of PC across the canali-
cular membrane was measured using a fluorescence
assay adapted from Ruetz and Gros (21) based on the
method of McIntyre and Sleight (30).

Preparation of donor liposomes containing
fluorescent phospholipid

Donor liposomes containing Ce-NBD-PC were pre-
pared by mixing 1 mg C¢-NBD-PC with 1 mg PC and 1
mg 2x recrystallized cholesterol in a total volume of 1.32
ml and subsequent removal of the storage solvent by
vacuum desiccation. The dried PC/cholesterol mixture
was resuspended in 0.29 ml ethanol and injected at
room temperature with a Hamilton syringe into 3.5 ml
of buffer C (100 mM NaCl, 50 mM sucrose, 10 mM
Tris-HEPES, pH 7.4). Ce-NBD-PC containing donor
liposomes were dialyzed at 4°C for 16 h against buffer
A. Donor liposomes containing NBD-labeled PE and
C12NBD-PC were similarly prepared after mixing 1 mg
NBD-PE and 1 mg Ci12NBD-PC, respectively, with PC
and cholesterol. In some experiments, donor liposomes
that were labeled with Ce-NBD-PC only in the inner
leaflet were used. These “only inside-labeled donor
liposomes” were prepared by incubating donor
liposomes for 30 min with 40 mM dithionite and sub-
sequent dialysis at 4°C for 16 h against buffer A.

Preparation of vesicles containing fluorescent
phospholipid

Because Cg-NBD-PC has a higher water solubility than
unlabeled PC, the fluorescent PC analogue is easily
transferred between membranes whereas the unlabeled
PC is not (30). Transfer was initiated by mixing CMV
with donor liposomes at a concentration of 17 nmol
Ce-NBD-PC/mg protein. After incubating the mixture
for 30 min at 4°C, free donor liposomes were separated
from NBD-labeled CMV by centrifugation of the mix-
ture at 100,000 g for 30 min in a swinging bucket rotor
through 16% sucrose (16% sucrose in 10 mM Tris-
HEPES, pH 7.4, 0.2 mM CaClg). The sedimented NBD-
labeled CMV were washed once with buffer A and used
immediately for the phospholipid translocation assay.
The same procedure was used for preparation of NBD-
PE-labeled CMV, CgNBD-PC-labeled SMV, and Cg
NBD-PC-labeled microsomes.

Phospholipid translocation assay

Equal volumes of C¢-NBD-PC-labeled CMV (0.5-1.0
mg/ml) and buffer D (buffer A supplemented with 5
mM NapATP, 10 mM Mggluconate, 20 mM phos-
phocreatine, and 3 ug/ml phosphocreatine kinase) were
mixed and lipid translocation was initiated by incubat-
ing the mixture at 37°C. After the indicated time peri-
ods, 100 pl was removed and immediately placed into a
microcuvette containing 400 pl buffer A. NBD-PC fluo-
rescence emission was measured (LS-5B fluorescence
spectrophotometer, Perkin-Elmer, Norwalk, CT) at an
excitation wavelength of 470 nm (10 nm slit width) and
emission wavelength of 540 nm (5 nm slit width). The
initial fluorescence (Fi) was recorded until a stable base-
line was achieved. Then, 25 pl of sodium hydrosulfite (=
dithionite; 1 M in 1 M Tris, pH 10) was added and the
decrease in fluorescence due to chemical reduction of
NBD-PC (nitrobenzoxadiazol-PC) to non-fluorescent
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ABD-P(. (aminobenzoxadiazol-PC) was recorded for
6-7 min until a new stable baseline was achieved (Fp).
As dithionite is a water-soluble and membrane-imper-
meable anion (30), the decrease in fluorescence prob-
ably reflects reduction of NBD-PC molecules associated
with the outer leaflet of the vesicular membrane. Upon
addition of detergent (80 ul 10% Triton X-100), the
vesicles were disrupted making the inner leaflet accessi-
ble to dithionite which resulted in a further decrease in
fluorescence (Fr) reflecting the amount of Ce-NBD-PC
associated with the inner leaflet and the intravesicular
space.

The percentage of fluorescence associated with the
outer and inner leaflet was calculated as

% out = 100 [(F; - Fp)/(Fi - F1)) and % in = 100 - % out

Preparation of calibration curve

For the calibration curve, liposomes containing 0.7%
Ce-NBD-PC were prepared as described above. The
relative fluorescence of increasing amounts of these
liposomes was measured in buffer A. Fluorescence emis-
sion was linear within a range of 0-38 pmol/ml Cs-NBD-
PC. The standard curve was used to convert changes in
fluorescence associated with the inner leaflet (typically
5-25 pmol/ml) into pmol C¢-NBD-PC/mg protein and
pmol NBD-PE/mg protein, respectively.

Protease treatment of Cg-NBD-PC-labeled CMV

In some experiments, Ce-NBD-PC-labeled CMV were
treated with protease (Pronase E). The amount of Cs-
NBD-PC associated with the inner leaflet of C¢-NBD-PC-
labeled CMV was measured before and after incubation
of vesicles in 10 mg/ml Pronase E for 30 min. Because
identical amounts of vesicle protein were added to the
phospholipid translocation assay, values are given in
pmol Ce-NBD-PC/mg vesicle protein.

Intrinsic phospholipase Az activity of
Cs-NBD-PC-labeled CMV

Because Ce-NBD-PC might be degraded by an intrin-
sic phospholipase Ap activity of CMV to a fluorescent
product, NBD-caproic acid, fluorescence emission of 25
il Ce-NBD-PC-labeled CMV in 475 pl buffer A at 25°C
was monitored. As observed by Meyuhas et al. (31), a
decrease in fluorescence emission was observed. This is
probably due to partitioning of the degradation product
NBD-caproic acid into lipidic compartments of CMV
where fluorescence is only partly quenched. Intrinsic
phospholipase As activity of CMV resulted in 4.5 *
2.0%,/30 min (n = 3) loss of initial fluorescence. How-
ever, after reduction with dithionite, no phospholipase
Ay was observed. Therefore, changes in Triton-depend-
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ent fluorescence were most likely due to fluorescence
emission of NBD-PC.

Statistics

Values are given as means + standard error of the
means (SEM) derived from at least three independent
experiments performed in duplicate. When Student’s
ttest was used to determine statistical significance, P
values are given.

RESULTS

Preparation of NBD-labeled CMV

Because donor liposomes have an average diameter
of 30 nm (32) and are considerably smaller than CMV,
which have diameters ranging from 400 to 900 nm (22),
both were separated by centrifugation through 16%
sucrose (Fig. 1A). Forty percent of Ce-NBD-PC mole-
cules (Fig. 1A, circles) co-sedimented with CMV. Be-
tween 12.8 and 23.3 nmol (n = 8) of fluorescent PC was
transferred from donor liposomes to CMV which corre-
sponds to 0.5-0.9% of the total amount of PC in the
CMYV fraction. In control experiments, sedimentation of
CMV was identical in the presence (Fig. 1A, bars) or
absence of donor liposomes (Fig. 1B). In contrast, donor
liposomes in the absence of CMV did not sediment and
remained almost entirely in the first four fractions (Fig.
1C). Similar results were obtained using NBD-labeled
SMYV (data not shown). For assessment of contamination
of NBD-labeled CMV with donor liposomes, CMV were
labeled with C19-NBD-PC which has a slower transfer
rate (33). Only 15% of C12-NBD-PC molecules co-sedi-
mented with CMV (Fig. 1D, triangles). Furthermore, in
CMYV that were incubated with “only inside-labeled do-
nor liposomes”, no C-NBD-PC-fluorescence was associ-
ated with CMV (Fig. 1D, open circles).

Functional integrity of NBD-CMV

Because assay of asymmetric PC distribution in the
vesicular membrane depends on intact membrane ves-
icles, ATP-dependent TC transport was measured to
determine the effect of incorporation of CeNBD-PC
into CMV. ATP-dependent TC transport was not signifi-
cantly different (P> 0.05) in CMV (22 4.6 pmol TC/mg
protein per 75 sec, n = 4), NBD-labeled CMV (23 + 4.5
pmol TC/mg protein per 75 sec, n =4) and NBD-labeled
CMV treated with 40 mM dithionite (16 £ 4.5 pmol
TC/mg protein per 75 sec, n = 4). These results indicate
that neither incorporation of C¢-NBD-PC nor treatment
of NBD-labeled CMV with dithionite causes leakiness or
disruption of the bilayer.
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Fig. 1. Separation of free donor liposomes from NBD-PC-labeled CMV. CMV, free donor liposomes, and
NBD-labeled CMV were centrifuged through 16% sucrose and 1-ml fractions were taken from top to bottom.
Panel A shows recovery of CeNBD-PC-fluorescence (circles) and protein (bars) after centrifugation of NBD-la-
beled CMV through 16% sucrose. Panel B shows recovery of CMV-protein in the absence of liposomes. Panel
C shows recovery of donor liposomes as measured by fluorescence emission in the absence of CMV. Panel D
shows recovery of CieNBD-PC-fluorescence (triangles) and fluorescence due to “only inside-labeled donor
liposomes” (open circles) and protein (bars) after centrifugation of NBD-labeled CMV through 16% sucrose.
Data are given as a percentage of recovery from the initial amounts of Ce-NBD-PC (filled circles), C:>NBD-PC
(triangles), Ce-NBD-PC in “only inside-labeled donor liposomes” (open circles) and protein (bars). P, protein
sediment. Data are means + SE of 3 replicate experiments.

Assay of PC translocation

In Fig. 2A, a typical recording of a PC translocation
assay is shown. Initial fluorescence (Fi) was measured
until steady-state values were obtained. Upon addition
of dithionite, a rapid decrease of the fluorescence signal
was observed reaching a new steady-state level after 6-7
min (Fp) reflecting reduction of Cs-NBD-PC molecules
associated with the outer leaflet of the vesicular mem-
brane. The reaction was complete because increasing

amounts of dithionite did not result in further decrease
of fluorescence (data not shown). However, a very slow
rate of dithionite reaction (0.08%,/ min of initial fluores-
cence) was observed when fluorescence was recorded
for 30 min. Compared to the fast reaction of dithionite
resulting in a loss of 95% of initial fluorescence within
2-3 min (Fig. 2A), this slow rate was negligible suggest-
ing that NBD-labeled CMV are virtually impermeant to
dithionite. Addition of Triton X-100 disrupts the vesicles
permitting entry of dithionite. The observed further
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Fig. 2. Fluorescence emission recordings of Ce-NBD-PC-labeled CMV and Cs-NBD-PC-labeled SMV. Fluores-
cence emission was measured as described. Panel A shows a typical recording of labeled CMV directly recovered
after centrifugation through 16% sucrose. The inset shows enlargement of the recording between 6.5 and 8.5
min. Panel B is a typical recording of CeNBD-PC-labeled CMV prior to (O) and after (@) incubation in ATP,
Mg?*, and an ATP-regenerating system at 37°C. Panels C and D are similar to panel B, but Ce-NBD-PC-labeled
SMV and C¢-NBD-PC-labeled microsomes were used in the assay, respectively, and, in case of microsomes, a
recording after incubation in buffer A at 37°Cis shown (#). Dithionite and Triton X-100 were added as indicated.
All recordings represent characteristic results of duplicate profiles of 14 (CMV) and 3 (SMV, microsomes)
replicate experiments (variation 5% in CMV- and 25% in SMV-recordings).

decrease in fluorescence signal (Fr, enlarged in inset)
reflects the amount of CeNBD-PC associated with the
inner leaflet and the intravesicular space. The reaction
was complete because increasing amounts of Triton
X-100 did not result in a further decrease of fluores-
cence (data not shown). However, decrease in the fluo-
rescence signal in CMV to background emission levels
in the absence of Cs-NBD-PC was not achieved (Fig. 24,
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dashed line) suggesting that approximately 2.8% of Ce-
NBD-PC molecules are inaccessible to dithionite and
Triton X-100.

Properties of PC translocation in subcellular
fractions: ATP-dependence

Fluorescence signal recordings of NBD-labeled CMV
before and after 30 min incubation at 37°C in ATP,
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Fig. 3. Concentration-, time-, and temperature-dependence of ATP-dependent PC translocation. A: Concentration-dependence. Cs-NBD-PC-
labeled CMV were prepared as described in Experimental Procedures by increasing the amount of donor liposomes added during the labeling
procedure. Then, fluorescence emission of Ce-NBD-PC-labeled CMV in the presence of ATP was measured after 30 min as described in
Experimental Procedures. B: Time- and temperature-dependence. Fluorescence emission of Ce-NBD-PC-labeled CMV in the presence of ATP
was measured at indicated times at 37°C (@) or 4°C (O) at a concentration of 20 pM Ce-NBD-PC as described in Experimental Procedures. Data
are means t SE of duplicate measurements of 4 (A} and 3 (B) replicate experiments.

Mg?*, and an ATP regenerating system are shown in Fig.
2B. Before incubation, 2.5 £ 0.1% (n = 14) of total
NBD-labeled PC molecules were initially associated (i.e.,
background) with the inner leaflet (open circles) repre-
senting 249.6 + 16.5 pmol Cs-NBD-PC/mg protein (n =
14). Incubation at 37°C significantly (P < 0.05) increased
the amount of Cs-NBD-PC molecules associated with the
inner leaflet of CMV to 2974 + 19.3 pmol CgNBD-
PC/mg protein (n = 14, filled circles). The translocation
activity resulted in 19.9 *+ 2.8% increase over back-
ground fluorescence. As a control, PC translocation in
SMV and total microsomes was measured. No PC-
translocation was observed in SMV (Fig. 2C), and in total
microsomes only ATP-independent PC translocation
was measured (Fig. 2D).

Concentration-, time-, and temperature-dependence
of PC translocation in CMV

ATP-dependent PC translocation is concentration-de-
pendent and saturates beyond 15 uyM NBD-Cs-PC at 250
pmol Cg-NBD-PC/mg protein/30 min (Fig. 3A). PC
translocation activity is time-dependent, increasing in
curvilinear fashion, and leveling off after 10 min to 250
pmol Ceg-NBD-PC/mg protein (Fig. 3B, filled circles)
after 30 min of incubation at 37°C. ATP-dependent
translocation in vesicles incubated at 4°C was 50 pmol
Ceg-NBD-PC/mg protein per 30 min (Fig. 3B, open cir-
cles).

Nies, Gatmaitan, and Avias

Separation of inside-out and right-side-out vesicles

Because the CMV preparation yields about 90% right-
side-out and 10% inside-out oriented vesicles (22), it was
of interest to determine which vesicle type accounted
for ATP-dependent PC translocation. Therefore, after
antibody-induced density perturbation two fractions
were separated; a low density fraction mainly consisting
of inside-out vesicles and a high density fraction mainly
consisting of right-side-out vesicles (Table 1). ATP-de-
pendent PC translocation was 12.9 * 2.6-fold (n = 3)
higher in NBD-labeled vesicles recovered from the low
density fraction compared to results in NBD-labeled
vesicles isolated from the high density fraction suggest-
ing that PC translocation occurs primarily, if not exclu-
sively, from inside-out oriented CMV (Table 1).

Substrate specificity

ATP-dependent translocation in CMV was specific for
Cs-NBD-PC; Cs-NBD-PE was not translocated. Ce-NBD-
PE (124.5 + 26.2 pmol/mg protein) was initially associ-
ated with the inner leaflet and was unchanged after 30
min incubation at 37°C in ATP, Mg?*, and an ATP-re-
generating system (124.0 £ 31.9, n =4),

No Ceg-NBD-PC translocation was observed when
NBD-abeled CMV were incubated for 30 min at 37°C
without ATP, in AMP, or with the non-hydrolyzable ATP
analogue, ATPyS (Fig. 4), suggesting that PC transloca-
tion requires ATP hydrolysis. PC translocation in CMV

Phosphatidylcholine translocation in rat liver CMV 1131
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is ATP-dependent; however, after incubation of CMV
with Pronase E for 30 min, all ATP-dependent PC
translocation activity was lost (Fig. 4).

Effect of bile salts on PC translocation

Because PC translocation might be involved in he-
patic bile formation by contributing PC for formation
of mixed micelles with bile salts, the effect of bile salts
on PC translocation was investigated. TC increased
ATP-dependent PC translocation in a dose-dependent
manner (Fig. 5A). TC did not significantly (P > 0.05)
support PC translocation in the absence of ATP (Fig.
5B). The effect on ATP-dependent PC translocation was
specific for TC; the non-micelle-forming bile salt,
taurodehydrocholate, did not stimulate ATP-dependent
PC translocation (Fig. 5B). These results suggest that the
effect of TC may be due to its micelle-forming proper-
ties. This was further supported by the finding that in
CMV, incubated with ATP, 0.05% Triton was sufficient
to render Ce-NBD-PC molecules associated with the
inner leaflet accessible to dithionite (Fig. 5C), whereas,
in ATP and 10 uM TC (Fig. 5D), 0.1% of Triton was
necessary to render the Cg-NBD-PC molecules accessible
to dithionite reduction (n = 3). These results suggest that
some Cg-NBD-PC molecules were present in micelles or
aggregates, which required a higher detergent concen-
tration for complete solubilization.

DISCUSSION

We have used a fluorescent phospholipid, acyl-(NBD)-
caproyl-PC, to identify an ATP-dependent PC translocat-
ing activity in rat CMV. Because preparation of fluores-
cently labeled CMV and the phospholipid translocation
assay were adapted from studies by Ruetz and Gros in
yeast (21), it was first necessary to validate these meth-
ods.

Centrifugation of donor liposome/CMV mixtures
through 16% sucrose proved optimal for quantitative
separation of free donor liposomes from labeled CMV
(Fig. 1), to ensure that no background fluorescence of
free donor liposomes was present to interfere with
fluorescence changes associated with labeled CMV. Be-
cause donor liposomes might be “sticking” to the vesicu-
lar membrane, two controls were performed: 1) Cg- and
Ci12-NBD-PC both spontaneously transfer between
liposomes with a rate of 94% of total fluorescence/min
and 1.2% of total fluorescence/min, respectively (33).
Thus, after 30 min of labeling, Cs-NBD-PC-label of CMV
should be maximal, whereas Cj9-NBD-PC-label should
amount to 36% of total fluorescence. Assuming that
Ce-NBD-PC associated with CMV (40% as shown in Fig.
1A) reflects the maximal transferable amount, only

1132 Journal of Lipid Research Volume 37, 1996

350

900 -
250
200 -
150 |

100

pmol C,-NBD-PC/mg protein

1 2 3 4 5

Fig. 4. Effect of nucleotides and Pronase E on PC translocation in
NBD-labeled CMV. Translocation of Ce-NBD-PC was measured as
described. Open bars, background; hatched bars, the amount of
Ce-NBD-PC after incubation at 37°C for 30 min with (1) 5 mm ATP,
Mg?', ATP-regenerating system, (2) buffer A, (3) 5 mm AMP, Mg*,
ATP-regenerating system, (4) 5 mm ATPyS and (5) 5 mm ATP, Mg*,
ATP-regenerating system and 10 mg/ml Pronase E. C&-NBD-PC con-
centration was 5 pum. Data are means * SE of duplicate measurements
of 14 (column 1), 5 (columns 2-4), and 3 (column 5) replicate
experiments. **P <(.01.

14.4% of C12-NBD-PC should be associated with CMV.
Because 15% of C1o-NBD-PC was associated with CMV,
less than 1% of fluorescence is probably due to contami-
nation by donor liposomes. 2) Because “only inside-la-
beled donor liposomes” do not have any transferable
fluorescence in their outer leaflet, any fluorescence
observed in the CMV-sediment should be due to “stick-
ing” of donor liposomes to the vesicular membrane.
However, no Cg-NBD-PC fluorescence was associated
with CMV so that contamination of NBD-labeled CMV
with donor liposomes was negligible and most of the
fluorescence was associated with the vesicular mem-
brane. Neither labeling of CMV with Cs-NBD-PC nor
treatment with dithionite altered the transport charac-
teristics of TC, indicating that CMV retain functional
integrity throughout the labeling procedure and phos-
pholipid translocation assay. These results show that the
described experimental system (21) is suitable for meas-
urement of asymmetric PC distribution in rat CMV and

- that observed changes in the amount of C¢-NBD-PC are

most likely due to a process residing in CMV.

The phospholipid labeling procedure resulted in
CMV in which most of the label was accessible to
dithionite, suggesting that Cg-NBD-PC incorporated
preferentially into the outer leaflet. However, a Triton-
dependent decrease in fluorescence was always ob-
served in CMV immediately after their recovery from
sucrose. This “background” varied between 200-300
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Fig. 5. Effect of bile salts on ATP-dependent PC translocation. Fluorescence emission of Ce-NBD-PC-labeled
CMV in the presence of ATP was measured as described in Experimental Procedures in the presence of different
TC concentrations (panel A, 4 replicate experiments; 0, 5, 10, 25, 50, 100, 250 uM TC). Panel B shows
ATP-dependent PC translocation without bile salt (column 1; 7 replicate experiments), in 10 pM TC (column 2;
7 replicate experiments), and in 10 uM taurodehydrocholate (TDC, column 3; 4 replicate experiments) and PC
translocation with 10 pM TC in the absence of ATP (column 4, 4 replicate experiments). ATP-dependent PC
translocation is given in pmol Ce-NBD-PC/mg protein per 30 min at a concentration of 5 um. Panels C and D
show typical fluorescence emission recordings of Ce-NBD-PC-labeled CMV incubated for 30 min in the presence
of ATP and in the absence (C) or presence (D) of 10 pm TC (3 replicate experiments). Arrows indicate the final
concentration of Triton X-100 added into the translocation assay.

pmol Ce-NBD-PC/mg protein and may result from con-
tamination by free donor liposomes or Cg-NBD-PC
translocation during the labeling procedure. Because
contamination by free donor liposomes is minimal (see
above), background fluorescence is probably due to
NBD-PC transferred during the phospholipid labeling
procedure.

ATP-dependent PC translocating activity was 12.9-
fold greater in inside-out CMV compared to results in

Nies, Gatmaitan, and Arias

right-side-out CMV (Table 1) indicating that PC move-
ment in vivo is from the inner to the outer leaflet of the
canalicular membrane. ATP-dependent PC translocat-
ing activity was only observed in CMV, but not in SMV
and microsomes (Fig. 2B, C, D). ATP was necessary for
translocation in CMV because the non-hydrolyzable
ATP analogue, ATPYS, did not support translocation
(Fig. 4) suggesting that ATP hydrolysis and not ATP
binding is required for translocation. Time- and tem-

Phosphatidylcholine translocation in rat liver CMV 1133

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l -mmm woiy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

perature-dependence of ATP-dependent translocation
in CMV (Fig. 3) and its abolition by Pronase treatment
(Fig. 4) provides further support that PC translocation
is a protein-mediated process. Translocating activity was
specific for PC, the aminophospholipid phospha-
tidylethanolamine was not translocated. These data pro-
vide evidence for a membrane-bound protein that has a
cytoplasmic ATP-binding site and that translocates
(*flips”) PC from the inner to the outer leaflet of rat
CMV.

Fluorescent phospholipids containing caproyi-NBD
are identical to native phospholipids except for their
solubility (34). Because they spontaneously transfer be-
tween liposomes at a much higher rate than their long-
chain counterparts, dodecanoyl-NBD-phospholipids
(33), they have been widely used for membrane labeling
and as model substrates investigating phospholipid
translocating processes in human erythrocytes (35), Chi-
nese hamster fibroblasts (36), and yeast secretory ves-
icles (21, 37). Therefore, we used acyl-caproyl-NBD-PC
in the present study as a model substrate for the ATP-
dependent PC translocating process in CMV. Only PC,
but not phosphatidylethanolamine, is a substrate, sug-
gesting that other parts of the molecule, rather than the
fluorescent moiety, are important for specificity. NBD-
PC manifests self-quenching when inserted >1% into
membranes (33). Because NBD-PC accounted for only
0.5-0.9% of total PC in CMYV, considerable self-quench-
ing probably does not exist in the described experimen-
tal setup.

Using also water-soluble phospholipids, two other
phospholipid flippase proteins were recently described
(14, 21). The protein described by Berr, Meier, and
Stieger (14) passively transports short-chain PC
(diC4PC) across the canalicular membrane thus acting
as an “equilibrative phospholipid pore” translocating 7
nmol diC4PC/mg protein per 30 min. DiC4PC uptake
was also found in basolateral membrane vesicles (3 nmol
diC4PC/mg protein per 30 min) and microsomes (6
nmol diC4PC/mg protein per 30 min); ATP had no
stimulatory effect. In contrast, the system described in
the present study specifically translocates acyl-Cé-PC
with an absolute requirement for hydrolyzable ATP and
is restricted to the canalicular membrane. During 30
min of incubation, only 250 pmol Cg-NBD-PC,/mg pro-
tein were maximally translocated. In the present study,
ATP-independent Cg-NBD-PC translocation may have
occurred across the “phospholipid pore” during the
phospholipid labeling procedure. This suggestion is sup-
ported by background fluorescence associated with the
inner leaflet, amounting maximally to 0.8-1.2 nmol/mg
protein.

The other recently described flippase activity is attrib-
uted to the product of murine mdr2, a member of the
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mdr gene family (21). The PC translocating activity
described in the present study is similar to Mdr2-medi-
ated flippase activity in many respects: flipping is tem-
perature- and time-dependent and requires ATP hy-
drolysis (Fig. 3, Fig. 4). Additionally, ATP-dependent PC
translocation was restricted to CMV as is the localization
of Mdr2 as determined by isoform-specific antibodies
(16). Therefore, it is likely that Mdr2 accounts for the
observed ATP-dependent PC translocating activity in
CMV. Unfortunately, however, homozygous mdr2-
knockout mice are not available to us for study.

A further clue, as to whether the PC translocating
protein is identical with Mdr2, was provided by the
stimulatory effect of TC on ATP-dependent PC translo-
cation (Fig. 5A), which is most likely not due to leakiness
of CMV as ATP-dependent TC transport was detected
up to 100 uM TC (1). As observed in ySV (37), in the
presence of TC, a greater concentration of Triton was
necessary to reveal Cg-NBD-PC compared to control
conditions (Fig. 5C, D), indicating that part of the
Cs-NBD-PC molecules may be in an environment that
requires a higher detergent concentration. This environ-
ment is likely to be TC/Cgs-NBD-PC micelles or aggre-
gates in the intravesicular space, as was shown for ySV
(37). Furthermore, taurodehydrocholate, a non-micelle-
forming bile salt, did not stimulate ATP-dependent PC
translocation (Fig. 5B). These results support the hy-
pothesis that the PC-translocating protein is identical
with Mdr2. In addition, other systems in rat liver canali-
cular membrane, such as ATP-dependent daunomycin
transport by Mdrl (38) or dinitrophenyl-S-glutathione
transport by the non-bile-acid organic anion system (39),
and the ectoATPase (data not shown) were unaffected
by TC in vitro suggesting that these systems do not
participate in ATP-dependent PC translocation.

Taken together, our results suggest that the observed
ATP-dependent PC flippase activity in CMV is function-
ally similar to that mediated by yeast secretory vesicles
transfected with murine mdr2 (21).

The involvement of this mechanism in bile formation
in vivo requires further study, but may be speculated
upon. Several models for biliary phospholipid secretion
have been proposed: I) bilayer plasma membrane
vesiculation (“fusion-budding”, 6); 2) release of pre-
formed unilamellar lipid vesicles (7); and 3) bile acid-in-
duced release of phospholipids from the outer leaflet of
the canalicular membrane. Recent work by Crawford et
al. (15) demonstrated that bile salts induce formation of
canalicular unilamellar phospholipid vesicles which
were released from the outer leaflet of the canalicular
membrane. These findings support the hypothesis that
protein-mediated phospholipid translocation from the
inner to the outer leaflet of the canalicular membrane,
e.g., by Mdr2 (18, 21), exposes PC to the detergent
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action of bile salts. The present study shows that the rat
bile canalicular membrane has the capability to translo-
cate PC from the inner to the outer leaflet in an ATP-
dependent manner.

Several lines of evidence showed that PC translocation
by Mdr2 plays an important physiological role. 1) In
mice with a disrupted mdr2-gene, no PC is found in bile
(18). 2) When these mice are infused with TC, no bile
acid-induced PC secretion is observed (13). The ques-
tion arises whether ATP-dependent PC translocation in
CMV is also physiologically significant. In the present
study, maximal activity of PC translocation was 250 pmol
Ce-NBD-PC/mg protein per 30 min. Only inside-out
oriented vesicles translocated PC, so that the actual
activity was 2.5 nmol Cg-NBD-PC/mg protein per 30
min. Because the average protein concentration of the
CMV preparation was 1 mg/ml in a total volume of 1
ml, the total PC translocating activity recovered from 70
g liver, which was typically used, was 2.5 nmol Ce-NBD-
PC/ml per 30 min. Assuming a recovery of canalicular
proteins of approximately 1% (as measured for recovery
of leucine aminopeptidase activity in CMV as compared
to activity in homogenate), an in vivo activity of 250 nmol
Ce-NBD-PC/70 g liver per 30 min or 1.7 nmol C¢-NBD-
PC/14 g liver per min can be calculated. In isolated
perfused rat liver (approximately 14 g fresh weight), a
phospholipid output of 1.4 nmol/min was observed
(40). Thus, the detected flippase activity, probably due
to Mdr2, is sufficient for bile production and is impor-
tant for translocating PC across the canalicular bilayer
for formation of unilamellar vesicles that arise in the
canalicular lumen under the detergent action of bile
acids. Because CMV only tolerate a TC concentration of
0.25 mM before being disrupted (1), PC translocation

increased only modestly by 2-fold in the presence of TC.
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