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Transbilayer movement of phosphatidylserine in erythrocytes.
Inhibitors of aminophospholipid transport block the association
of photolabeled lipid to its transporter
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Introduction

The asymmetric distribution of PS in RBC [, 2] is
maintained by an ATP- and

of PS with its transporter, 2 process

h - T

IBLN,-PS [5], and an
inhibitor of PS transport, '*I-labeled PDA [6]).
Although the K is ible for the spe-

cysteine-containing, ammuphosphollpld-speaf ic trans-
locase [3,4]. Recent studies have suggested that this
protein, which is ible for the intrabil move-
ment of PS, is a 32-kDa integral membrane polypep-
tide [5-7] associated with the Rh blood group sysiem
[8]. This was concluded from experiments showing that
monoclonal Rh antibodies immunoprecipitate 32-kDa
polypeptides specifically labeled with a transportable

Abbreviations: '*I-PDA, N-[3-(3-['*Iliodo-4

cific of PS from the outer to the inner
membrane leaflet, lipid transport is dependent upon at
least two distinct sulfhydryl sites, one that resides in
the bilayer membrane and a second complementary
site that resides at the cells’ endofacial surface [9].
Both sulfhydryls must be reduced for transport to
proceed [9].

Since PDA appears to bind directly to the hy-
drophobic transmembrane portion of the transporter,
it is likely that PDA-mediated inhibition of PS trans-
port involves direct modification of the 32-kDa
polypeptide. On the other hand, it is unclear how

pionyllpyridyldithioethylamine; BSA, bovine serum albumin; DTNB,
5,5'-dithiobis(2-nitrobenzoic acid) (Ellmans’ reagent); DTT, dithio-
threitol; '”l -N;- -PS, -PC, 1-oleoyl-2 [(3-3{'**1liodo-4-azidophen-

ine, -choline; PBS, phos-
phate-buffered saline (137 mM NaCl, 3 mM KCl lﬂ mM Na/K
phosphates, 10 mM glucose, pH 7.4); PDA, pyri

oxidation of the endofacial sulfhydryl site(s) inhibits
the generation of PS asymmetry.

To determine how oxidation of these critical
sulfhydryls inhibits PS transport, we investigated the
effects of ATP-depletion and sulfhydryl reagents (that

PS, phosphatidylserine; RBC, human red blood cells.
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ly modify the hydrophobic or endofacial sites),
on| the ablhty of ZJ-N;-PS to associate with the 32-kDa

Depletion of ATP or oxidation of either
sulfhydry! site inhibited the association of '®I-N;-PS
with the 32-kDa polypeptide.
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Material and Methods

Materials and routine procedures
Carrier-free '*1-N,-PC (spec. act. approx. 2000
Ci/mmol) was synthesized as prev:ously described [5]

vidual polypeptides, films were analyzed by densitome-
try or cut into 0.25 cm strips and directly assessed for
radiation by scintillation counting.

Effect of transport inhibitors on '2*I-N-PS binding to the
transl

125.N;-PS was prepared holipase D

base exchangc [10] from the PC analogue. Diamide,
DTNB and NaF were from Sigma Chemical Co. (St.
Louis, MO), and '*I-labeled Bolton-Hunter reagent
(spec. act. approx. 2000 Ci/mmol) was purchased from
New England Nuclear (Boston, MA). PDA and '*I-
PDA were synthesized as previously described [6]. Hu-
man RBC were obtained from healthy volunteers by
venipuncture into heparinized saline and washed with
PBS. All experiments were carried out under red safe-
lights.

Translocation of '*I-Ny-lipid in RBC

RBC (2 X 10® cells/ml) were incubated in the dark
with ZI-N;-PS at 37°C. At the indicated time points
aliquots were removed, and the fraction of lipid trans-
ported from the outer leaflet to (he inner leaflet was
| d ing the | radiation (lipid
transported to the inner leaflet) of RBC back-ex-
changed with 5% BSA in PBS for 15 min on ice. BSA
was removed by cemrlfugalmn and the fraction of
photolabeled lipid ing in the cells was deter-
mined by comparing the radiation to RBC not back-ex-
changed. The effects of PDA, sodium azide/de-
oxyglucose, NaF, DTNB, and diamide on the transport
of 15-N;-PS was determined using the conditions de-
scribed in Table 1. After washing, the cells were incu-
bated with '5I-N;-PS or '2I-N,-PC (approx. 0.1 Ci in
EtOH; final EtOH concentration < 0.5%) for 45 min
at 37°C in the absence or presence of DTT (5 mM).
The ability of the cells to transport the photolabeled
lipids was then determined. ’

Photolysis of RBC

RBC were rapidly mixed with 'I-N,-PS or '®I-N;-
PC (approx. 1 uCi) in EtOH (final EtOH concentra-
tion <0.5%) in the dark. The cells were then incu-
bated at 37°C for 20 min, washed twice with ice-cold
PBS, transferred to 1.0 cm quartz cuvettes, and irradi-
ated with constant mixing for 3 min 12 ¢cm from an
Osram HBO 100W/2 super-pressure mercury lamp.
The cells were then washed with PBS. To identify the
proteins labeled with the 'I-Nj-lipids, ghosts were
prepared by hypotonic lysis (5 mM phosphate buffer,
pH 8.0), solubilized with SDS, and subjected to SDS-
PAGE using an 11% separating and 6% stacking gel
with the discontinuous buffer system of Laemmli [11].
The gels were stained with Commassie R-250, dried,
and autoradiographed with Kodak XAR-5 X-ray film.
To quantify the fraction of '*1-N;-lipid bound to indi-

RBC (2 X 108 cells/ml) were incubated with PDA,
diamide, DTNB, NaF, or azide/deoxyglucose, under
the conditions described in Table I The cells were
then incubated with the 1251.N,-lipids at 37°C for 20
min, | lyzed, and prepared for el i
described above. Altemanvely, RBC (2 x 108 cells, /ml)
were incubated in the dark with '2°I-N,-PS for 20 min
at 37°C, treated with the inhibitors, and then pho-
tolyzed. In some experiments, RBC were labeled with
125].PDA as described previously [6].

Effect of temperature on the binding of *’I-N;-PS to the
transporter

RBC (2 108 cells/ml) were incubated with '*I-
N;-PS for 30 min on ice. The cells were then washed,
and ali were incubated for an additional 20 min
at on ice or at 37°C. The association of '*I-N,-PS with
the 32-kDa polypeptide was determined by autoradio-
graphy after photolysis and SDS-PAGE.

Results

Transbilayer movement of '>I-Ny-PS in RBC

Slmllar to the transpon of PS [4] and its spin-labeled
[12] or fi [13], the of
1251.N,-PS across the bilayer membrane of RBC was
rapid (Fig. 1), ATP-dependent, and inhibited by a
variety of sulfhydryl-reactive reagents (Table I). Table I
shows that inhibition of '2I-N;-PS transport by the
specific sulfhydryl oxidants, PDA, DTNB and diamide,
was reversible after reduction with DTT.

% Transport

o & 10 15 20 25 30
Time (min)
Fig. 1. Translocation of '*°I-N5-PS from the outer-to-inner leaflet of
RBC. RBC were incubated with '1-N,-PS at 37°C. The fraction of
lipid transported to the inner leaflet was determined at various
intervals by back-exchange to BSA as described in Materials and
Methods. Representative experiment of three.



TABLE I
Effect of inhibitors on the translocation of '**I-N;-PS

RBC (2- 10% /ml) were incubated with the indicated inhibitors under
the following conditions: PDA, 2 mM at 4°C for 30 min; DTNB, 5
mM at 37°C for 3 h (without glucose); diamide, 5 mM at 20°C for 30
min. Cells were also treated with sodium azide (10 mM) and de-
oxyglucose (50 mM) at 37°C for 3 h or with sodium fluoride (10 mM)
at 37°C for 30 min, which reduced ATP by > 95% of control values
{determined by luceferase/luciferin assay). After washing, the cells
were mcubated wnlh 1251.N,-lipid for 45 min at 37°C and assessed for

as in ials and Methods. Representative
of three experiments, Deviation between experiments was < 5%.
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ate by inhibiting the association of the lipid substrate
to the transporter, and/or by mhlbltmg its movement
across the bilayer b To the ibll
hanism of PDA-mediated inhibition of PS trans-
port, we determined whether PDA directly affected
association of the translocating substrate, ('Z1-N;-PS),
to the 32-kDa polypeptide. Fig. 2 shows that both
'251-PDA and '*I-N;-PS preferentially labeled the 32-
kDa pol ide, while as p 1 seen, l”l-N,-PC
labeled most RBC i domt
RBC with PDA blocked both the bmdmg of "1 PDA
and the association of 'SIN,-PS to the 32-kDa

polypeptide, suggesting that both probes bind the same
protein. Interestingly, the distribution of '1-N;-PS in
PDA-treated cells appeared to be very similar to the
distribution of '>I-N5-PC in control cells (Figs. 2 and
5). As expected, PDA did not affect the distribution of

Similar to the effect of PDA, oxidation of endofacial

Inhibitor % Translocation
I5LN,-PS 'SLN,-PC
-DTT +DTT
Control 84 86 19
PDA 14 % 18
Azide /deoxyglucose 10 1 14 1251 N __]
DTNB 12 8 7 IN,-PC.
Diamide 1 88 17
NaF 10 - 16

Effect of transport inhibitors on the association of '*I-
Nj-PS with the 32-kDa polypeptide

There are several hanisms by which inhibitors of
aminophospholipid transport could block the transbi-
layer movement of PS. They might, for example, oper-

Control PDA
PDA PS PC PDA PS PC
—
s -
v -
\,','
- - =

Fig. 2. Labeling of RBC with '’1-Ny-lipid and '®I-PDA. Control

RBC or cells pretreated with PDA (2mM for 30 min at 4°C) were

Iabeled with '*I-PDA, '%1.N,-PS, or '®1-N,-PC as described. The

cells were then photolyzed, subjected to SDS-PAGE, and autoradio-

graphed. Free 'I-N;-lipid at the gel front (lipid not cross-linked to

protein) is not shown. Arrow is the position of the 31 kDa molecular
weight marker.

sulfhydryls with DTNB or diamide also inhibited
cross-linking of '*I-N;-PS to the 32-kDa polypeptide

125).Ng-PC

1281.Ny-PS

Control PDA Diamide DTNB Azide NaF
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Fig. 3. Effect of inhibitor preincubation on the distribution of '*I-

N;-PS crosslinked to RBC. RBC were pretreated with the indicated

inhibitors as described in Table 1. The cells were then incubated with

1251.N,-PS for 20 min at 37°C, photolyzed, subjected to SDS-PAGE,
and autoradiographed.
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0°C 37°C

Fig. 4. Effect of temperature on '>I-N,-PS$ labeling of the 32-kDa
polypeptide. RBC were incubated with 251.N,-PS for 30 min on ice
and then kept on ice or transferred to 37°C for an additional 20 min.
After photolysis the cells were subjected to SDS-PAGE, and the
distribution of the lipid analog was determined by autoradiography.

(Fig. 3), a finding consistent with its inability to be
transported (Table I). In addition, treatment of RBC
with these reagents also resulted in an apparent ran-
dom distribution of '*I-N,-P§ throughout the mem-
brane, a pattern similar to that obtained with 'I-N;-
PC. Surprisingly, identical results were obtained in
cells depleted of ATP with either sodium azide/de-
oxyglucose or fluoride (Fig. 3) and cells incubated with
the lipid analog at 0°C (Fig. 4). This suggests that ATP
and elevated temperature as well as reduced
sulfhydryls, are critical for the association of PS to its
transporter.

To quantify the amount of '»I-N,-lipid cross-linked
to RBC membrane proteins, electrophoretically sepa-
rated polypeptides were directly analyzed for bound
lipids by scintillation counting (Fig. 5). The autoradio-
graphs show basic differences between the labeling
patterns of '*I-N,-PC and '%I-N,-PS. While the PC
analogue appeared to uniformly label a wide range of

I ins, the PS I under normal
conditions, preferentially labeled the 32-kDa PS trans-
porter. Interestingly, patterns similar to the apparent
random distribution of '1-N,-PC emerged when '>1-
N3-PS transport was inhibited by PDA, DTNB, di-
amide or azide /deoxyglucose (see Table I), suggesting
that these inhibitors block substrate recognition by the

S S )

(% of Total )

Protein bound '¢%1-Ny-Hipid

[

Fig. 5. Analysis of '”I-N,-hpld binding to RBC pwtems in inhibitor-treated cells. SDS-PAGE gels prepared as described in Fig. 3 were cut into

0.25 cm strips and binding was

counting. To

the results among the groups, the data were plotted as the

fraction of total protein-bound radiation. The data have has not been corrected for background radiation. Arrows mark the positions of the
indicated molecular weight standards.



Control PDA Diamide DTNB Azide NaF

% of Control 100 104 75 97 20

Fig. 6. Effect of inhibitors on the distribution of '2°1-N;-PS preincu-
bated with RBC. RBC were incubated in the dark with '®1-N;-PS
for 20 min at 37°C. The cells were then incubated with the indicated

ibitors under the i ibed in Table 1 and photolyzed.
solubilized, subjected to SDS page, and autoradiographed. The per-
cent of 'S1.N,-PS heund was determined by scintillation counting of
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been identified, inhibition of is iated
with linking of cytoskeletal without di-
rectly affecting the 32-kDa PDA-sensitive transporter
[9]. To determine if inhibition of PS transport by
sulfhydryl reagents that oxidize either site is similar,
the association of photolabeled probes with the 32 kDa
porter in inhibitor-treated RBC was

i of by oxidati of either
sulfhydryl, as well as by ATP-depletion and low tem-
perature, correlated with a dramatic decrease in the
fraction of probe cross-linked to the 32-kDa polypep-
tide. This suggests that the mechanism of transport
inhibition, irrespective of the reagent used to achieve

the 32-kDa region. The autoradiograph shows the 32-kDa region it, is lished by blocking the of the
only. lipid o its porter. It is p le that the

inhibition induced by the sulfhydryl reagents is due to

a conformational change in the transporter that might

transporter. That the inhibitors blocked the iation prevent ion of the lipid, but this explanation

of 'Z1-N,-PS to the 32-kDa site was verified by deter-
mining the fraction of protein-associated lipid bound to
the transporter. In control celis, approx. 30% of the
protein-associated '>1-N,-PS localized in the 32 kDa
region, whereas less than 5% of the protei

cannot account for the results obtained by ATP deple-
tion and low temperature. However, ATP may be re-
quired for recognition of the substrate, and low tem-
perature may simply resmcl lateral diffusion of the

PS analogue bound to the same region in inhibi

probes, Iting in i

treated cells.

Disassociation of '*’I-N;-PS from the 32-kDa polypep-
tide by PDA
Pretreatmcnt of RBC with various transport in-
d lipid by inhibiting associ-
ation of the lipid to the 32-kDa polypeptide. To deter-
mine if these inhibitors could also displace trans-
porter-associated '*1-N,-PS, RBC were incubated with
the photolabeled lipid for 20 min at 37°C, treated with
the inhibitors using the conditions described in Table I,
and subsequently photolyzed. Fig. 6 shows that if '*I-
N;-PS was first allowed to associate with its trans-
porter, only PDA was able to partially displace it (51%
of the probe was removed). Treating the cells with
diamide, DTNB, azide/deoxyglucose, or NaF, had, for
the most part, little effect (Fig. 6). This suggests that

only oxidation of the drophobic 32-kDa sulfhydryl
displaced probe associated with the polypeptide. This
may indicate that the PDA-sensitive site is in close
proximity to the ’ sub

recognition site,

unlike the DTNB- and diamide-sensitive site, which is
at the llic ial surface [9]).

Analysis of probe ibution for '>1-N,-PC and,

under ditions where port was inhibited, 'ZI-

N;-PS, led what app dtobea distri-

bution of cross-linked lipid. Although it is difficult to
determine which proteins were cross-linked with the
probes, it appears that the majority was with band 3
and the 70-40 kDa region with only a small fraction
(approx. 5%) associated with the 32-kDa polypeptide.
Once conditions were conducive for transport, how-
ever, the distribution of '*I-N;-PS among membrane
proteins shifted, and a much larger fraction (approx.
30%) of the protein-cross-linked probe was found to be

once substrate is bound to the porter, of

endofacial sulfhydryl sites does not result in its dissoci-
ation.

Discussion
We have recently shown that the PS transporter in

RBC is likely to be a 32-kDa polypeptide [5] assocmted
with the Rh blood group system [8] that at

d with the ter. It should be noted that
most of the photolabeled lipi it was locali:

in the outer leaflet (‘> N,-PC and 'SIN;-PS in the
presence of inhibitors) or inner leaflet ("*I-N,-PS) was
not cross-linked to protein. Thus, while most of the
pmtem-bound 15L.N;-PS was associated with the 32-
kDa peptide this d a minor fi

(< 3%) of the total cell-assocuated probe. It seems,

least one PDA-sensitive cysteine residue critical to its
activity [6]. In addmon, a second mdependent site must
also be reduced for to p d [9]). This
DTNB and diamide-sensitive site is on the endofacial
surface and is distinct from the hydrophobic PDA-sen-
sitive site. Although this endofacial sulfhydryl has not

herefi that ph a window of the
transport pmcess by cross-linking a fraction of the

Y/ to the t protein. Probe
not cross-linked by photolysis is both ted and

released, where it is free to diffuse in the cells’ inner
leaflet. Except for the 32-kDa labeling, this results in
probe distributions remarkably similar to that of probe
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resident in the cell’s outer leaflet ('**I-N,-PC: Fig. 5).
These data support previous observations [5,7] that
the PS-specific phospholipid transporter in RBC is a
32-kDa integral membrane polypeptide. This is particu-
larly evident from the finding that PDA completely
inhibited the association of 'PI-N,-PS with this
polypeptide. Surprisingly, other mh|bltors of lipid
transport that op vna a h of
the 32-kDa polypeptide [9] also p: d the i
tion of '*I-N;-PS with the protein. These findings
nmply close association of the 32-kDa transponer with
dofaci: an
ATPase (14,151 or other ATP—utxhzmg enzyme, suggest-
ing that the mai of
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