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Abstract: The asymmetric distribution of the amino-containing phospholipids, phosphatidyl-serine
(PS) and phosphatidyl-ethanolamine (PE), across the two leaflets of red blood cell (RBC) membrane
is essential to the function and survival of the cell. PS and PE are sequestered in the inner leaflet
by an ATP-dependent transport activity of a membrane protein known as the RBC flippase that
specifically moves amino-phospholipids from the outer to the inner leaflet. The enucleated RBC
lacks the means to replace damaged enzymes and inactivation of the flippase can lead to the
unwarranted exposure of PS on the cell surface. Loss in the ability to maintain phospholipid
asymmetry is exacerbated in RBC disorders and PS-exposing RBCs present in the circulation
play a significant role in the pathology of hemoglobinopathies. We identified the Atp8al protein,
amember of the family of the P -type ATPases, as a RBC flippase candidate. Atp8al is expressed
in RBC precursors and is present in the membrane of mature red cells. The flippase activity of
the protein was established in purified secretory vesicles of Saccharomyces cerevisiae. ATPase
activity was stimulated by PS and PE. In addition, Atp8al can move PS molecules across the
leaflets of the vesicle membrane in presence of ATP.
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Introduction

The sequestration of amino-glycerophospholipids, phosphatidyl-serine (PS) and
phosphatidyl-ethanolamine (PE), on the cytofacial leaflet of the plasma membrane
is essential to the function and the survival of the red blood cell (RBC). Due to the
passive diffusion of lipids and the activity of unidentified protein(s) that can distribute
lipids across the two leaflets, the asymmetry of the membrane could not be maintained
without a mechanism to transport the exposed PS and PE back to the inner layer
(Pomorski et al 2004; Holthuis and Levine 2005; Paulusma and Oude Elferink 2005;
Ikeda et al 2006; Pomorski and Menon 2006). This inward movement of PS is driven
by an ATP-dependent transporter, with selectivity for amino-phospholipids, known
as the flippase. Hydrolysis of one ATP is needed for each molecule of PS transported
(Beleznay et al 1993). Exposure of PS on the surface of cells is a normal event of
many different physiological processes, such as apoptosis, spermatozoa capitation,
platelet activation, membrane fusion, and cell adhesion (Pomorski et al 2004; Wang
et al 2004; Holthuis and Levine 2005; Paulusma and Oude Elferink 2005; Ikeda et al
2006; Pomorski and Menon 2006). RBCs with PS present on their surface are rarely
found in circulation as they are rapidly recognized and removed by macrophages.
However, in sickle cell disease, increased numbers of PS-exposing RBCs are commonly
detected. They are also found in splenectomized thalassemia patients. In addition of
having a shortened survival, these cells can induce pathophysiologic responses such
as imbalanced hemostasis, interactions with other blood cells, and with endothelial
cells of the vascular wall (Kuypers and De Jong 2004). In addition, PS-exposing RBCs
can be the target of secretory phospholipase A2 and a source of plasma LPA, which
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can lead to vascular dysfunction (Neidlinger et al 2006). The
occurrence of PS-exposing RBCs in hemoglobinopathies is
in part due to the activation of the scramblase activity, which
randomizes lipids across the leaflets, and the inability of the
cells to transport PS back to the inner leaflet.

We have previously established that the P-type ATPase
Atp8al, a membrane-embedded protein of =120 kDa, is
expressed in erythrocyte precursors and present in the plasma
membrane of mature RBC (Soupene and Kuypers 2006a).
Also known as ATPasell, we have proposed that Atp8al
represents the protein carrying the flippase activity identified
in the RBC membrane at the biochemical level (for reviews
see [Pomorski et al 2004; Holthuis and Levine 2005; Paulusma
and Oude Elferink 2005; Ikeda et al 2006; Pomorski and
Menon 2006]). The establishment of its function as a flip-
pase in the membrane of this enucleated cell is complicated
by the presence of other activities and factors that may affect
its activity. In addition, purification and solubilization of
this membrane protein in detergents is not preferred due
to their potential effects on the structure and/or enzymatic
characteristics of the protein. We decided to determine the
activity of Atp8al in an in vivo membrane system that does
not require purification or solubilization in detergent. We suc-
cessfully established both the ATPase and transport activities
of Atp8al in purified post-Golgi secretory vesicles of a sec6
Saccharomyces cerevisiae mutant strain. These vesicles can
accumulate to high yield in the cytosol of the cells and can
be used to study the activity of transport proteins as an alter-
native method to in vitro made proteo-liposomes (Walworth
and Novick 1987; Nakamoto et al 1991; Alder-Baerens et al
2006). Contrary to the formation of proteo-liposomes that
requires solubilization in detergents of both the lipids and
the enzyme, insertion of the protein in the lipid bilayer of
the vesicles occurs in the cells. In addition, in contrast to
liposome preparations, which are often characterized by an
undefined population of multi-lamellar structures of various
sizes, yeast transit vesicles are homogenous in size (100 to
200 nm in diameter) and are composed of a single lipid bilayer.
They are enriched in the membrane protein over-produced
by the cells, the recombinant foreign protein, and they can
be isolated. The lipid composition of their single membrane
is defined and can be modified (Zinser et al 1991; Schneiter
et al 1999). We report that Atp8al protein was successfully
expressed in the yeast mutant strain and accumulated in the
post-Golgi vesicles. The protein was produced in an active
form and its ATPase activity was stimulated by PS and to
a lesser degree by PE. In addition, Atp8al uni-directionally
transported a fluorescently labeled PS molecule, NBD-PS, in

presence of ATP. Thus, the P -type ATPase Atp8al, which
is present in the RBC membrane, displays the enzymatic
properties that define the red cell flippase activity.

Materials and methods

Materials

Concanavalin A, sodium ortho vanadate, Ouabain,
N-Ethylmaleimide, C ,E,, and the lipids L-o. phospha-
tidyl serine (bovine brain), phosphatidylethanolamine
(bovine brain) and phosphatidylcholine (egg yolk) were
obtained from Sigma-Aldrich, Inc. (St. Louis, MO, USA).
NBD-PS (1-Palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-
4-yl)amino]hexanoyl]-sn-Glycero-3-Phospho-L-Serine)
was obtained from Avanti Polar Lipids, Inc. (Alabaster,
AL, USA).

DNA manipulations

A cDNA clone encoding the full-length product of mouse
Atp8al (GenBank accession no. AK045367; RefSeq no.
NP_001034088) was identified in the RIKEN database
(Kabushiki Kaisha DNAForm) as Mouse Fantom clone ID
B230107D19. The identity of the clone was confirmed by
sequencing. The full-length open reading frame of 1164
residues was cloned under the control of a galactose inducible
promoter (Gall) with hexahistidine and V5 epitope tags at
the C-terminus, into the yeast expression vector pYES2/CT
(Invitrogen™, Carlsbad, CA, USA), which also carries the
selectable marker URA3. A PCR fragment of 3,495 bp was
amplified using the cDNA clone as template with the primer
pYes2.Hd (5'-CATTAAGCTTGCCACCATGGCGACCAT-
GCGGAGGACAG-3"), which introduced a unique restriction
site for Hind 111 (underlined) and a consensus Kozak sequence
(double-underlined) and the primer pYes2.Xho (5'-GCAT-
GCTCGAGCCACTCATCGGGCCTCTG-3"), which
introduced a unique restriction site for X%o I (underlined) and
remove the natural stop codon of the cDNA. Amplifications
were performed with Expand High-Fidelity Taq Polymerase
(Roche Applied Science, Indianapolis, IN, USA) as follows:
one cycle at 94 °C for 100 s, 35 cycles at 94 °C for 30 s, 48 °C
for 30 s, 72 °C for 150s, and one cycle at 68 °C for 10 min.
The PCR fragment was cloned with the Zero-Blunt® PCR
cloning kit (Invitrogen), according to the manufacturer’s
instructions, to yield plasmid pFK178. After confirmation
by sequencing, the =3.5-kbp Hind 11I-Xho 1 fragment was
ligated to pYES2/CT, opened by Hind 111 and Xho I, to yield
plasmid pFK184. The plasmid was then introduced into the
yeast strain SY1 (see below). Human 4CSL6 was cloned in
the same manner in pYES2/CT to yield plasmid pFK195.
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Culture and manipulation of S. cerevisiae
The yeast mutant strain SY1 (MATo ura3-52 leu2-3,112,
his4-619, sec6-4ts, GALZ2), a generous gift of Dr. C.W. Slayman
(Nakamoto et al 1991), that carries a thermo-sensitive
sec6 mutation and grows on galactose was used in this
study. The strain was routinely maintained on YPD plates
at 25 °C. The pYES2/CT, pYES2/CT/LacZ (Invitrogen)
and pFK184 (Atp8al) plasmids were introduced into the
SY1 strain using the S.c. EasyComp kit (Invitrogen),
according to the manufacturer’s instructions, to yield strains
FK196, FK197 and FK204, respectively. Transformants
were selected at 25 °C without uracil on YNB-Leucine
medium (Yeast Nitrogen Base-with amino acids medium
[BD Bioscience, San Jose, CA, USA] supplemented
180 wg/ml of L-leucine)with 2% glucose. After a week, single
colonies were picked and purified twice on the same medium.
The presence of the plasmids in the clones was confirmed by
PCR analysis and by DNA isolation.

B-galactosidase and acyl-CoA synthetase

assays

Yeast strains carrying the plasmid pYES2/CT/LacZ or
pYES2/CT/ACSL6 were grown in YNB-Leucine medium,
at 25 °C with 2% glucose or galactose. Samples of 1.5 ml
were removed from the culture, centrifuged at 10,000 x g
for 30s, and stored frozen until assayed for 3-galactosidase
activitity (Clontech manual, protocol PT3024-1) or
for acyl-CoA synthetase activity in presence of [1-*C]-
C18:1-OH (Soupene and Kuypers 2006b).

Protein expression in S. cerevisiae

Yeast strains, inoculated from fresh plates, were grown
in YNB-Leucine medium and 2% glucose at 25 °C to an
0D, of 2.0 (=24 hrs). Cells were collected by centrifuga-
tion at 2,000 g for 5 min, washed once in medium without
0o Of =0.1 into 250 ml of
YNB-Leucine medium with 2% galactose. Cells were grown

glucose, and suspended to an OD

at 25 °C for 3 generations to allow induction of expression of
proteins under the control of the Gall promoter. The culture
was then shifted to the nonpermissive temperature of 37 °C
to inactivate the Sec6" protein, resulting in the accumulation
of post-Golgi vesicles in the cytosol of the cells. After 6 hrs
at 37 °C, cells were collected by centrifugation at 6,000 g
for 10 min and stored frozen at —80 °C.

Yeast vesicles isolation
The frozen cell pellet was thawed, washed with 50 ml of 10 mM
NaN,, and centrifuged for 10 min at 2,000 x g. The pellet

was weighed and suspended with 10 ml of lyticase solution
per gram of cells. Lyticase (360 units/mg) was dissolved at
5 mg/ml in sorbitol buffer (1.4 M D-sorbitol, 50 mM K,HPO,
pH 7.5, 10 mM NaN,, 40 mM B-mercaptoethanol and 1 mM
PMSF). Digestion of the cell wall was carried out in a water
bath at 37 °C with gentle agitation for 1 to 2 hrs. The formation
of spheroplasts was monitored by the decreased of the absor-
bance of the suspension diluted 50 times in water at OD .
Spheroplasts were collected by centrifugation at 500 g for
10 min and gently suspended with cold sorbitol buffer
containing 10 mM MgCl, and 0.8 mg/ml of concanavalin A
at an equivalent of 50 OD_ per ml, and were incubated for
15 min on ice. Cross-linking of the plasma membranes was
monitored under a light microscope. After centrifugation at
500 g for 5 min, spheroplasts were suspended in cold lysis
buffer (0.8 M D-sorbitol, 10 mM triethanolamine pH 7.2
and 1 mM EDTA) at an equivalent of 60 OD,, per ml. They
were mechanically disrupted by applying 20 to 30 strokes
with a Dounce homogenizer, which was verified under a light
microscope, and cleared by centrifugation at 10,000 x g for
10 min at 4 °C. The vesicles contained in the supernatant
were then collected by ultra-centrifugation at 100,000 g for
1 hr at 4 °C. The pellet containing the vesicles was gently
washed with 4 ml of cold 50 mM Tris-HCI pH 7.4 with
1 mM EGTA and collected as above. Finally, vesicles were
slowly and gently suspended in about 200 pl of cold 50 mM
Tris-HCI pH 7.4, | mM EGTA, and 10% glycerol using a
stir-bar. The vesicles were stored frozen at —80 °C.

Protein quantification and detection

The concentration of proteins in vesicles was determined
with the Bio-Rad DC Protein Assay, according to the
manufacturer’s instructions. Vesicles were brought to a
volume of 25 ul with water and mixed with 175 pul of 10%
SDS. Then, 100 pl of reagent A and 800 ul of reagent B were
added. After 15 minutes incubation at room temperature, the
absorbance at 750 nm was read. BSA was used as the standard
under the same conditions. Proteins extracts from whole yeast
cells were obtained by breakage with vigorous vortexing in
the presence of glass beads. Total protein extracts and vesicles
samples were dissolved in the SDS-PAGE loading buffer and
denatured for 30 min at 37 °C. Five g of proteins were loaded
in each lane of a 7.5%-gel SDS-PAGE. After migration, the
proteins were electro-transferred to a nitrocellulose mem-
brane, and immuno-detection was performed in TBS (Tris
buffer saline pH 7.4) with 0.1% Tween-20 and 1% milk with
a commercial monoclonal anti-V5 antibody (Invitrogen) at a
1/5,000 dilution for 1 hr at room temperature. The membrane
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was washed 3 times 10 min with TBS- 0.1% Tween-20, and
incubated with a HRP-conjugated goat anti-rabbit IgG anti-
body (Pierce) at a 1/1,000 dilution for 1 hr. HRP detection
was performed with ImmonoPure DAB (Pierce, Rockford,
IL, USA) according to the manufacturer instructions.

ATPase activity assays

ATPase assays were performed at 37 °C in 40 mM HEPES-
KOHpH7.2,10 mM MgCL, 1 mM EGTA, and 10 mM ATP
with an amount of vesicles equivalent to 2 [1g of proteins for
each time point. The reaction was carried out for up to 2 hours
and, at least, 4 samples of 80 pl were removed at various
times during the incubation, and were mixed with 20 pl of
Malachite Green dye (BioAssay Systems, Hayward, CA,
USA) to terminate the reaction. After 20 min of incubation
at room temperature with the dye, absorbance at 650 nm was
determined with a microplate reader, and the amount of phos-
phate released was calculated using a standard curve obtained
with a phosphate standard (KH,PO,) (BioAssay Systems).
All the ATPase assays performed with vesicles containing
Atp8al protein were corrected for the amount of Pi released
with vesicles isolated from a yeast strain carrying the vector,
pYES2/CT. Atp8al-vesicles and control vesicles (vesicles
obtained from the yeast strain transformed with the vector
only) were always assayed in parallel under all the different
conditions tested as shown in Figure 3. The amount of Pi
released in the reaction containing the vector-vesicles was
subtracted from the values obtained with the Atp8al-vesicles
for each time point. The rates of hydrolysis of ATP (pmoles
of Pi released per mg of proteins per minute) was calculated
by taking the slope of the linear regression line through the
data points, amount of Pi released (y-axis) plotted as function
of time (x-axis). Phospholipids (PS, PE, PC), dissolved in
chloroform/methanol (2/1, v/v), were dried under nitrogen,
suspended in 0.01% (w/v) of C ,E , and added to the ATPase
buffer at a 1/150 dilution before addition of the vesicles.
Vanadate, oubain, CaCl,, MgCl,, and EDTA were also added
to the ATPase buffer prior to incubation with the vesicles.
N-ethylmaleimide (NEM) was either added in the ATPase
buffer with the vesicles (in-reaction condition) or to the
vesicles before dilution in the ATPase buffer (pre-reaction
condition). Pre-treatments of vesicles were performed with
increasing concentrations of NEM in a volume of 20 ul for
30 min on ice. Vesicles were then diluted to 360 pl with
the ATPase buffer. The pretreatment of vesicles led to the
carry over of some NEM during the ATPase reaction. The
highest concentration of NEM during the reaction phase
of the incubation was 0.55 mM, which is not inhibitory as

established by the reactions performed in presence of NEM
without pre-treatment (see Results).

Transport activity assays

Assays were performed at 25 °C in 200 pl of 20 mM
HEPES-KOH pH 7.2, 15 mM KCl, 5 mM NaCl, 10 mM MgCL,
2 mM EGTA, 5 mM hydroxylamine, 120 mM K-glutamate
with or without 10 mM ATP (see below), with an amount
of vesicles equivalent to 25 pg of protein and 4.25 pmoles
of NBD-PS for each time point. Fluorescence intensity was
recorded at 535 nm (excitation = 468 nm, slit width = 10 nm)
in a Perkin-Elmer LS5B luminescence spectrometer at 25 °C
using a quartz micro fluorometer cell (3 x 3 x 40 mm).
Vesicles were first mixed with NBD-PS in absence of
ATP. Incorporation of NBD-PS into the outer layer of the
membrane of the vesicles was achieved in the first minute
after the addition. The vesicles were first incubated in
absence of ATP for 2 hrs, then 10 mM ATP was added and
the vesicles were further incubated for 1 hr. Presence of
NBD-PS in the outer layer was detected by reducing the NBD
fluorophore to a nonfluorescent entity by the nonmembrane
permeant reagent dithionite. After recording fluorescence
in absence of dithionite (F°), 5 ul of 1 M dithionite was
added to the 200 pl vesicles mixtures (25 mM dithionite
final concentration) and the fluorescence was recorded after
1 min (F*). Percent of quenched NBD-PS was calculated as
follows: (1-F*/F~) x 100. To determine the total amount of
NBD-PS incorporated in the different conditions and to assess
efficiency of the quenching, control reactions were performed
by the addition of 1/10 volume of 5% SDS in the cuvettes
after the F~ and F* values had been recorded.

Results

Production of Atp8al protein in vesicles

We first established that mammalian membrane proteins
could be expressed in the yeast mutant strain used in our
study, and that their activity could be measured in cells as
well as in preparation of intra-cellular vesicles obtained
with a simplified isolation procedure (see Methods). Genes
were cloned under the control of a promoter induced dur-
ing growth of the cells on galactose, as the carbon source,
and the accumulation of the post-Golgi vesicles in the
cytosol was obtained by shifting galactose-grown cells to
the nonpermissive temperature of 37 °C (see Materials
and methods) (Walworth and Novick 1987; Nakamoto
etal 1991; Alder-Baerens et al 2006). The product of the
lacZ gene, encoding the B-galactosidase enzyme, and of
the ACSL6 gene, encoding a human membrane protein of
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known activity (acyl-CoA synthetase) (Soupene and Kuypers
2006b), were used to verify that the yeast strain correctly
expressed recombinant proteins during growth on galactose
and was suitable for the study of the activity of mammalian
membrane-bound enzymes, such as Atp8al. Expression of
the cytosolic B-galactosidase and of the membrane protein
ACSL6 did not have a deleterious effect on the growth of
the strain (Figure 1, panel A). As expected, the activities
of both enzymes were absent in cells grown on glucose but
were detected during growth on galactose (Figure 1, panel
B and C). In addition, the activity of the ACSL6 protein was
also detected in transit vesicles obtained from cells grown on
galactose and shifted at 37 °C (data not shown).

A cDNA representing the full-length version of the
Atp8al protein, annotated as isoform a, was cloned in the
yeast mutant strain (see Materials and methods). Atp8al
was detected in a total protein extract obtained from
cells grown on galactose (Figure 2A) and was localized
in the transit vesicles that accumulated in the cytosol
at 37 °C (Figure 2B, lanes 4 and 5). Atp8al protein is
very sensitive to proteolytic cleavage when expressed in
various cells (Ding et al 2000) and several degradation
products were detected in a protein extract made from
a lysate obtained after enzymatic digestion of the yeast
cell wall and mechanical disruption of the spheroplasts
(Figure 2B, lane 2). However, the vesicles contained mainly
the full-length protein and very little of the smaller products
could be detected (Figure 2B, lanes 4 and 5). Atp8al protein
was not detected in cells grown on glucose or in cells
transformed with the vector used for cloning (Figure 2A
and 2B, lanes 1 and 3).

ATPase activity in purified vesicles

We verified that the ATPase activity of the protein in yeast
was similar to the activity established in other membranes.
ATPase activity was determined in purified vesicles by
the detection of release of Pi from added ATP as function
of time, as described in the Method section. Although,
endogenous ATP-hydrolyzing enzymes are present in the
vesicles (Nakamoto et al 1991; Alder-Baerens et al 20006),
Atp8al-vesicles have a specific activity rate 5-fold higher
than the vector-vesicles (Figure3). Thus, Atp8al is active
in this system and the low activity of the yeast ATPases in
these vesicles does not preclude detection of Atp8al. The
ATPase activity of Atp8al was inhibited by the phosphate
analog vanadate and by the presence of Ca** (Figure 4).
Atp8al required the presence of Mg?*" and was insensitive
to the drug ouabain. The inhibitory effect of calcium is also
observed in RBCs but inhibition of the flippase by calcium
is not specific as other cations such as Ni**, Co**, and Zn*
have been shown to also be inhibitory (Bitbol et al 1987,
Moriyama and Nelson 1988).

N-ethylmaleimide inhibition

The effect of the sulfhydryl-modifying reagent NEM on the
ATPase activity of the protein was tested using two condi-
tions. The vesicles were pre-incubated with NEM for 30 min
on ice and then, they were diluted 20-fold in the assay buffer
and incubated with ATP. Under these conditions, low NEM
concentrations (=1 mM) were sufficient to completely
inhibit the enzyme (Figure 5A and C, column Pre-Rxn),
which is similar to the inhibitory effect observed on the
flippase activity in the RBC membrane. However, when the
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Figure | Protein expression in the Saccharomyces cerevisiae SY | strain. (A) Growth on galactose of cells transformed with either the vector (open square), the construct
expressing lacZ, encoding B-galactosidase enzyme (filled square), or the construct expressing the human membrane protein acyl-CoA synthetase 6 (triangle). Growth was
monitored by following the absorbance of the culture at 600 nm as function of time. (B) B-Galactosidase activity of the SY| strain carrying the lacZ construct during growth
with either galactose (filled square) or glucose (open square). (C) Acyl-CoA synthetase activity of SY| strain carrying the ACSLé construct grown with either galactose (filled
square) or glucose (open square). Cells were harvested at an OD of 1.0 and assayed for acyl-CoA synthetase activity as described in Materials and methods.
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Figure 2 Expression and localization of Atp8al protein in vesicles.Western blotting
detection of Atp8al protein in SY| cells carrying the construct expressing Atp8al
grown with either glucose or galactose. Proteins were extracted, separated by SDS-
PAGE and transferred to a nitrocellulose membrane.Atp8al was detected with a
monoclonal antibody against theV5 epitope fused at the C-terminus of the protein.
(A) Total protein extracts obtained from cells carrying the Atp8al construct grown
with either glucose (Glc) or galactose (Galac). (B) After enzymatic digestion of the
cell wall, spheroplasts were mechanically disrupted and the lysate was cleared at
4,000 g. Proteins present in the supernatant were loaded on lanes | and 2. Protein
extracts of post-Golgi vesicles, isolated as described in Materials and methods, are
shown on lanes 3,4,and 5. Protein extracts obtained from cells carrying the vector
are shown on lanes | and 3 and from cells expressing Atp8al are shown on lanes
2,4, and 5. Lane 5 shows the result of a different vesicle isolation’s experiment
obtained from the cells expressing Atp8al as shown in lane 4.

vesicles were not pre-treated and NEM was added directly
into the reaction mixture containing ATP, a much higher
amount was needed to detect an inhibition. Under this
condition, 100 mM NEM was required to inhibit the ATPase
activity to a similar low level obtained with a pre-treatment
of 1 mM (Figure 5B and C, column In Rxn). In addition, the
activity of the protein in vesicles exposed to 100 or 150 mM
NEM was not irreversibly inhibited and resumed after
90 min incubation (Figure 5B and C, column New Phase).
At alower concentration of 50 mM NEM, activity was only
inhibited during the first 30 min of the reaction. The effect
of NEM under these conditions was in strong contrast to
the findings obtained when the vesicles were pre-incubated
with NEM (Figure 5A) and to the complete and, apparently,
permanent inhibition observed with vanadate (Figure 4A and
not shown). Thus, inhibition by NEM, which is commonly
used to inactivate the RBC flippase, appears to be a func-
tion of the treatment conditions and of the delay between
exposure to the drug and measurement of the activity.

Stimulation by amino-phospholipids

The ATPase activity was stimulated by low amounts of
phosphatidyl-serine (PS) added in the reaction (Figure 6),
reaching an optimum at 0.3 mM. Phosphatidyl-ethanolamine,
PE, stimulated the activity to a lesser extend, whereas a lipid
with a nonamino-head group, phosphatidyl-choline (PC), was
neither stimulatory nor inhibitory.

257

20

157 —+— vector

—m— Atp8ail

10

ATPase Activity (nmol/mg)

|
0 30 60 90

Time (min)

120

Figure 3 ATPase activity of Atp8al in yeast vesicles. Vesicles isolated from cells
carrying either the vector (open square) or the Atp8al construct (filled square) were
assayed for release of phosphate from added ATP as function of time at 37 °C. Two lg
of proteins were used for each time point. The rate of hydrolysis of ATP (pmoles of
Pi released per mg of proteins per minute) was calculated by taking the slope of the
linear regression line. In the experiment shown, the 120 min data point was no longer
in the linear range and it was not included in the calculation.

Transport activity of Atp8al

The movement of PS in Atp8al-vesicles was determined
with a fluorescently-labeled species, NBD-PS, which rapidly
incorporated in the outer leaflet of the membrane of the
vesicles. Incorporation of NBD-PS was followed by addition
of the nonmembrane permeant reductant dithionite. Dithi-
onite reduces the fluorochrome of the NBD-PS molecules
exposed on the surface and eliminates their fluorescence. The
difference in the fluorescence of the vesicles before and after
addition of the quencher is a measure of the distribution of
NBD-PS in the two leaflets: high quenching when exposed
in the outer leaflet and low quenching when protected in the
inner leaflet (Figure 7A). Yeast post-Golgi vesicles contain
several endogenous lipids transporters that maintain the
asymmetry of the vesicle membrane. They are not specific for
aminophospholipids and slowly move lipids from the inner to
outer layer (Alder-Baerens et al 2006). Control-vesicles were
assayed to assess their activity in our system. In absence of
ATP, about 80% of the NBD-PS fluorescence was quenched
after incubation for 2 hrs (Figure 7B). As anticipated, a
similar slow movement was obtained with the Atp8al-
vesicles when no ATP was present. After addition of ATP,
the distribution of the NBD-PS molecules of the Atp8al-
vesicles was noticeably different from the control-vesicles
and different from the condition without ATP (Figure 7B).
In presence of ATP, about 70% of the fluorescence was still
quenched in the control-vesicles, whereas all of the NDB-PS

Journal of Receptor, Ligand and Channel Research 2008: |



ATP8AI and PS asymmetry

[4]
g
20
>3
= c
<3
8o
o L.
n_v
[
<
0 01 03 0 02 05
[Vanadate] mM [CaCl2] mM

14 1
0.8 —- 0.8 —
0.6 _- 0.6 —
0.4 0.4 -
0.2-] 0.2
0 0 T |
0 20 0 0.5
[EDTA] mM [Ouabain] mM

Figure 4 Characterization of the P-type Mg?*-ATPase activity of Atp8al.The amount of phosphate released during incubation of ATP and the control vesicles (vector vesicles)
was determined as function of time in presence or absence of the indicated concentration of chemicals, and was subtracted to the amount of phosphate released in reactions
containing the Atp8al-vesicles assayed under the same conditions. The fold change of the ATPase activity rates was calculated as the ratio of the rate obtained in presence of

the indicated chemical to the rate obtained in its absence.

was protected in the Atp8al-vesicles after 1 hr incubation.
Thus, after addition of ATP, rapid movement of PS from the
outer to inner leaflet had occurred in the vesicles containing
Atp8al.

Discussion

The presence of the ATP8AI protein in erythrocytes has
been established both in human and mouse RBCs (Pasini
et al 2006; Soupene and Kuypers 2006a; Pasini et al 2008).
The mRNA of the murine form was also reported in eryth-
rocyte precursors (Soupene and Kuypers 2006a). The RBC
flippase was estimated at a molecular mass of 120 kDa on
denaturing acrylamide gel (Morrot et al 1990), which is
similar to the migration pattern of Atp8al detected in the
membrane of RBCs (Soupene and Kuypers 2006a) and in
yeast vesicles. The activities and the enzymatic studies of
ATP8AT1 account for, and explain the observed biochemical
characteristics of the flippase activity of RBCs, as summa-
rized in Table 1: requirement for Mg?* and ATP, specificity
for amino-glycerophospholipids, inhibition by vanadate,
Ca?* and sulfhydryl-modifying reagents (Seigneuret and
Devaux 1984; Bitbol et al 1987; Bitbol and Devaux 1988;
Connor et al 1990). The formation of the phospho-aspartate
intermediate of Atp8al is the step in the catalytic cycle
of this P-type ATPase that is inhibited by vanadate, by
some divalent cations (eg, Ca*") and by N-ethylmaleimide
(Moriyama and Nelson 1988; Ding et al 2000). The next step,
the de-phosphorylation of the phospho-enzyme, requires the
presence of aminophospholipids, either PS or PE. In absence
of these specific lipids, the enzyme cannot end the ATP-cycle
(Ding et al 2000). In addition, this PS/PE-stimulated ATPase
protein can transport PS uni-directionally in the yeast

vesicles, as observed in RBCs and other cells (Tang et al
1996; Chin et al 2003). Although, members of the CDC50
family are essential for the localization and the activity of the
human ATP8BI1 protein (Paulusma et al 2008), the ATPase
and transport activity of Atp8al established that no other
mammalian protein is essential for its function in post-Golgi
vesicles of yeast.

Treatment of RBCs with NEM and its effect on the flippase
activity are believed to mimic the inactivation of the enzyme
that occurs in an oxidative environment that affects the trans-
bilayer movement in hemoglobinopathies. The inhibition of
the flippase activity by sulfhydryl-modifying reagents like
PDA can be reversed by treatment with membrane-permeant
reductants (eg, DTT), which supports our observation that
under some condition the inactivation of the enzyme is not

Table | Characteristics of the Atp8al protein in the membrane
of RBC and yeast vesicles

RBC flipase Atp8al (isoform a)
Molecular Mass =120 =120
apparent, kDa (130, calculated)
Activity Mg?*-ATPase +

PS transport + NBD-PS
Stimulation PS +

PE + weak
Inhibition vanadate +

Ca* +

NEM +

Abbreviations: NBD-PS, nitroBenzoxaDiazol-phosphatidyl-serine; NEM,
N-ethylmaleimide; PE, phosphatidyl-ethanolamine; PS, phosphatidyl-serine; RBC,
red blood cells.
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Figure 5 Effect of N-ethylmaleimide treatment on Atp8al activity. The amount of
phosphate released during incubation of ATP and the control vesicles (vector only) was
determined as function of time in presence or absence of the indicated concentration
of NEM, and was subtracted to the amount of phosphate released in the reactions
containing the Atp8a | -vesicles assayed under the same conditions. (A) ATPase activity
of the Atp8al -vesicles pre-incubated (pre-reaction, Pre-Rxn) with 0 (square), 0. mM
(cross), | mM (triangle), 5 mM (inverted triangle) or 10 mM (circle) NEM. Note that
the concentrations of NEM carried-over into the reaction are indicated in the column
In-Rxn of panel C. (B) ATPase activity of the Atp8al-vesicles added in reaction buffer
(in-reaction, In-Rxn) containing 0 (square), 50 mM (cross), 100 mM (triangle), and
150 mM (circle) NEM. (C) The rates of ATP hydrolysis were calculated from 0 to
2 hrs, as described in legend of Figure 4, and presented in the column entitled 0
to 2 hrs. When appropriate, activity rates were calculated from 90 to 120 min and
presented in the column entitled New Phase, as described in Results.
Abbreviation: n/a, not applicable.

irreversible (Balasubramanian et al 2007). In addition, NEM
can bind to the un-phosphorylated protein but not to the phos-
phoenzyme intermediate. Thus, it has been suggested that the
sulfhydryl-sensitive residue(s), one or several of the 23 cyste-
ines of the protein, is close to the phosphorylation site and on
the cytosolic side (Connor and Schroit 1990, 1991; Chang et al
2004; Balasubramanian et al 2007; Tyurina et al 2007). Similar
to the protective effect of ATP on K, channels against NEM
(Trapp et al 1998), phosphorylation of the flippase could pro-
tect the critical cysteine(s), important for activity, from attack
by NEM. This would account for the relative insensitivity of
the enzyme when exposed to the reagent in presence of ATP.
At very high concentration (=100 mM) of NEM, the ATPase

9 6 6
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Figure 6 Stimulation by amino-phospholipids. The different lipids were added in the
reaction buffer at the indicated concentrations before addition of the vesicles. The
amount of phosphate released during incubation of ATP and the control vesicles (vector
only) was determined as function of time in presence or absence of the indicated lipids,
and was subtracted to the amount of phosphate released in the reactions containing
the Atp8al-vesicles assayed under the same conditions. Assays were performed and
ATPase activity rates were calculated as described in legend of Figure 4.

activity of Atp8al was initially inhibited but resumed after
prolonged incubation. NEM certainly nonspecifically reacted
with -SH groups of other proteins present in the vesicles during
the reaction and was, thus, removed from the buffer in a time
and concentration-dependent fashion, as observed. Perhaps,
in presence of ATP, the initial inhibitory effect of NEM was
the result of a competition to access the aspartate residue
rather than the result of the inactivation of the enzyme through
sulfhydryl-modification of the cysteine(s) residue.
Regardless of the mechanism(s) of the inhibition of the
flippase by NEM in vitro, the effect of this chemical gives
a better understanding of how PS can become exposed on
the surface of damaged cells such as sickle RBC. In the cell,
ATP is continuously produced and given that the only other
requirement is Mg?", it would be anticipated that the flippase
is always phosphorylated and in a transport-activated state.
Because the phospho-intermediate form is not, or is at least
less, sensitive to attack of -SH groups, damage to the flippase
should only occur during, or shortly after transport. Thus,
in sickle RBCs the completion of each cycle would result
in a progressive accumulation of damages during the life
span of the cell. Unwarranted activation of the scramblase
activity, resulting in exposure of PS, will further increase the
frequency during which the flippase is susceptible to ROS.
How the enzyme specifically interacts with PS and PE,
and flips them from one leaflet of the membrane to the other
is not known. In normal RBC, all of the PS molecules are
on the cytosolic side of the membrane but only PS from the
outer layer is transported by the enzyme. Thus, the binding
site(s) for PS and PE should be inaccessible to the species
residing in the inner leaflet. In addition, the binding site
is probably not exposed on the surface of the protein as
the substrates themselves are in the membrane. The two
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Figure 7 NBD-PS movement in Atp8al-vesicles. (A) Cartoon representation of the transport assay. Fluorescent phosphatidyl-serine (NBD-PS) molecules were mixed with
vesicles and incubated at 25 °C in absence or presence of ATP.The movement of NBD-PS from the outer (exposed) to the inner (protected) layer was monitored by measur-
ing the fluorescence of the vesicles before and after addition of the nonmembrane permeant reductant dithionite, which eliminates the fluorescence of the exposed NBD-PS
molecules. (B) Quenching of the NBD-PS fluorescence in control and Atp8a | -vesicles. Quenching values were calculated as described in Methods and were expressed relative
to the value obtained when all of the NBD-PS molecules were exposed (t = 0 min), which was set at 100%. ATP was added in both control- and Atp8al-vesicles 5 minutes
after determination of the 2 hrs time point. Bars represent the SE of 5 and 3 different experiments performed with the control- and Atp8a | -vesicles, respectively.

Atp8al isoforms present in the membrane of RBC are the
result of splicing events affecting two alternative motifs
that are eight residues upstream of a domain, conserved
among P-type ATPases, implicated in coupling hydrolysis
of ATP to transport. PS stimulates both isoforms but PE
can only induce the de-phosphorylation of one of the two
(Ding et al 2000). This suggests that the alternative motifs
are involved in binding or in the specificity of interaction
to PS and PE.

We show that Atp8al isoform a, the longest of the known
spliced products, is active when expressed in yeast vesicles. In
this system, the study of the activity of this and the other isoforms
present in the RBC membrane represents an opportunity to deter-
mine the molecular mechanisms that maintain PS asymmetry
in normal RBC and to define the alteration of the flippase that
leads to the loss of PS-asymmetry in RBC pathology.
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