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ATP-Dependent Transport of Phosphatidylserine Analogues in Human Erythrocytes
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ABSTRACT. The plasma membrane of most cells contains a number of lipid transporters that catalyze the
ATP-dependent movement of phospholipids across the membrane and assist in the maintenance of lipid
asymmetry. The most well-characterized of these transporters is the erythrocyte aminophospholipid flippase,
which selectively transports phosphatidylserine (PS) from the outer to the inner monolayer. Previous work
has demonstrated that PS and to a lesser extent phosphatidylethanolamine (PE) are substrates for the
flippase and that other phospholipids move across the membrane only by passive flip-flop. The present
study re-evaluates these results. The incorporation and transbilayer movement of a number of short-chain
(dilauroyl) phospholipid analogues in human erythrocytes was measured by observing lipid-induced changes
in cell morphology, and the effect of an ATPase inhibitor (vanadate) and a sulfyhdryl reagent
(N-ethylmaleimide) was determined. Incubation of cells with these lipids causes the rapid formation of
echinocytes, because of the accumulation of the lipid in the outer monolayer. While dilauroylphosphati-
dylcholine-treated cells retained this shape, cells treatedswith2-DLP+ -S, sn-1,2-DLPb-S, orN-methyl-

DLPS rapidly changed morphology to stomatocytes, which is consistent with the transport and accumulation
of the lipid in the inner monolayer. A similar, although slower, stomatocytic shape change was induced
by sn2,3-DLP+-S. Other lipids that were tested (dilauroylphosphatidylhydroxypropionate, dilauroylphos-
phatidylhomoserine, DLPS-methyl ester, 95¥2,3-DLPD-S) reverted to discocytes only. In all cases,
pretreatment with vanadate Nrethylmaleimide inhibited the conversion of echinocytes to discocytes or
stomatocytes. This is the first report of a protein- and energy-dependent pathway for the inwardly directed
transhilayer movement of lipids other than PS and PE in the erythrocyte membrane and suggests that the
flippase has broader specificity for substrates or that other lipid transporters are present.

The asymmetric distribution of phospholipids in biological 9). Substrate recognition by the flippase is highly selective
membranes is sustained by the concerted action of trans-and recognizes the glycerol and headgroup moieties of the
membrane transporters of differing directionality and speci- lipid but not the fatty acid composition. PS molecules with
ficity (1). Perhaps the most well-characterized transporter is long and short fatty acyl chaing,(3, 10), spin or fluorescent-
the aminophospholipid translocase or “flippase” of the labeled fatty acyl chains9( 11, 12), or ether linkages are
erythrocyte membrane, which catalyzes the energy-dependentransported, although the latter are transported at a slower
selective transport of aminophospholipids from the exofacial rate (L3). The structure of the glycerol backbone is a key
side to the luminal/cytoplasmic side of the membraBe (  recognition element in the transport of PS; replacing the
3). Transport of aminophospholipids is an ATP-dependent diacylglycerol moiety with ceramide reduces the transport
process, and the flippase requires a hydrolyzable form of by 100-fold, but extending the length of the glycerol moiety
Mg?t-ATP (2, 4). Transport is inhibited by calciuny( 5) by replacing it with 1,3,4-butanetriol does not affect transport
and sulfhydryl-oxidizing 2) and -alkylating reagent$). (8, 14). Removal of one fatty acyl chain (lyso PS) eliminates

Phosphatidylserine (P5Sis the preferred substrate of the ATP-dependent transport of PR)( but transport of PS
flippase @, 3, 7, 8), although phosphatidylethanolamine (PE) containing a fatty acid as short as acetate is suppoB8ed (
is also transported but at a rate 10-fold slower than S ( Recognition of the glycerol group is stereospecific. While
the naturally occurringsn-1,2-glycerol isomers of PS are
" This work was supported by grants from the American Heart substrates for transport, tise-2,3-glyerol isomers of PS are

ﬁlsdsigﬁfg'oonns’ :\'l\lanonal Division, and the Walther Cancer Institute, 1 (15 16). The flippase recognizes only certain elements

* To whom correspondence should be addressed. Telephone: 812-0f the polar headgroup. The amine group of PS is essential,
855-6902. Fax: 812-855-4436. E-mail: daleked@indiana.edu. ~ but monomethylation is tolerated¥). Progressive methy-
! Abbreviations: PS, phosphatidylserine; PC, phosphatidylcholine; |ation of PE further reduces the transport of this lipid; PC

PE, phosphatidylethanolamine; SM, sphingomyelin; DLPS, dilau- . . .
roylphosphatidyiserine; DLPC, dilauroylphosphatidylcholine; rac- (N,N,N-trimethyl-PE) is not transporte@,(15). Esterification

DLPC, 1,2-didodecanoyl-rac-glycero-3-phosphocholine; DLPP, dilau- Of the carboxyl group of PS also reduces transport of this
roylphosphatidylhydroxypropionate; DLPhS, dilauroylphosphatidylhomo- lipid significantly (8, 15).
serine; DLPSN-Me, N-methyl-dilauroylphosphatidylserine; DLRS- The present studies were undertaken to re-evaluate the

Me, dilauroylphosphatidylserine-methyl ester; BSA, bovine serum - .
albumin: CM-52, carboxymethyl-52; TLC, thin-layer chromatography; ability of PS structural and stereochemical analogues to move

NEM, N-ethylmaleimide. across the erythrocyte membrane. Using short-chain lipid
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analogues, we report that, with the exception of PC, these o, 0O o, 0O

lipid analogues were capable of moving across the erythro- R1O/Y\O’P\O R10/Y\0’P\o

cyte membrane by a vanadate- ahdethylmaleimide R20 j\H R;0 H
(NEM)-sensitive mechanism, although most did not ac- HaN* ~CO0" HN® "COOr

cumulate in the inner monolayer. These data indicate that a

wider variety of lipids is translocated across the erythrocyte ) ®)

membrane by an ATP-dependent protein-mediated process o, O o, O

than previously recognized. These data further indicate either F{TO/Y\O’P\O n1o/\‘/\ofp\o

that the PS flippase is more flexible in the recognition of its R,0 j\H R,0 j<H

substrate than previously determined or that the erythrocyte HN* “COO H3N* “COO®

possesses multiple flippases of differing specificities. © )

MATERIALS AND METHODS o o oo
Materials. Dilauroylphosphatidyicholine (DLPC) was ob- R0 > oo RO 00

tained from Avanti Polar Lipids, Inc. (Alabaster, AL). Bovine R:0 I Re0 . H

serum albumin (BSA, fatty acid free), 1,2-didodecanoyl-rac- coo FN" ~C00ch,

glycero-3-phosphocholine (rac-DLPC), phospholipase D (E) (F)

from Streptomycespecies, phospholipase fiom Naja najg

L-serine,b-serine,L-homoserinel-serine methyl ester, and 0\\P/0' 0\\P,0'

fluorescamine were purchased from Sigma Chemical Co. (St. R0~ Y~ 0" 0 Ri07 0" 0

Louis, MO). N-Methyl-L-serine was purchased from Ad- R:0 1” RO

vanced Chemtech, Inc. (Louisville, KY). 3-Hydroxypropionic Hz'gH coor e MZOO‘

3 3!

acid was purchased from TCI America (Portland, OR).
Carboxymethylcellulose 52 was purchased from Whatman G) (H)

International Ltd. (I—_|!Ilsboro, OR). Thin-layer chromatogra- Ficure 1: Structure of phosphatidylserine (PS) and the lipids
phy (TLC) plates (silica HL) were purchased from Analtech, gynthesized for this study. (A3n-,2-DLP+-serine, (B)sr+1,2-
Inc. (Newark, DE). All other chemicals were of reagent DLP-p-serine, (C)sn-2,3-DLP+-serine, (D)sn-2,3-DLP-p-serine,
grade. (E) DLPP, (F) DLPSO-Me, (G) DLPSN-Me, and (H) DLPhS. R

Preparation of ErythrocytesHuman erythrocytes were ~2nd R represent lauric acid.
obtained from healthy volunteers by venipuncture into citrate

buffer (87.5 mM sodium citrate and 17.5 mM citric acid). used to synthesize the following structural and stereoisomers

; ; : f PS: dilauroylphosphatidylhydroxypropionate (DLPP),
Erythrocytes were isolated from plasma by centrifugation ©' yiphosp yiny ypropion:
(Zg)l(g, Zg min) and were washedps times \)//vith 4 voI?Jmes dllaqroylphpsphat|dylhomoserlne (DLPhS).' dilauroylphos-
each of NaCl (0.15 M) by centrifugation (208010 min). phatidylserine methyl ester (DLPS-Me), dilauroylphos-

: : - phatidylN-methyl-serine (DLPSN-Me), sn1,2-DLP+-
Packed erythrocytes were obtained after washing with pha .
phosphate-buffered saline (PBS: 150 mM NaCl, 5 mM Kcl, S€'ne, andsn1,2-DLPo-serine.sn2,3-DLPC was used to
6 mM NaHPQ,, 1.4 mM NahPQO,, 1 mM MgCh, and 5 synthesizesn-2,3-DLP+-serine andsn2,3-DLPb-serine.

mM glucose at pH 7.4) at 1606dor 5 min and were kept Synthetic lipids Were.purified us.in.g CM-52 column chro-
on ice until use. Cells were used withi6 h of being matography as described®). All lipids were analyzed by
collected. one-dimensional silica TLC by elution with chloroform/

Synthesis of sn-2,3-DLPC.r3-DLPC was synthesized methanol/formic acid (65:25:5) and quantified by inorganic

by the selective cleavage sfi1,2-DLPC with phospholipase Ehospk;ate analysiﬂ@. The structures of Iipio(ljs were verified
A,. Briefly, rac-DLPC (50 mg) was dissolved in diethyl ether y nuclear magnetic resonance .(NMR) and mass spectrom-

2

. - ! etry (20, 21). Stereochemical purity was verified by circular

(250uL) and vortexed until clear. The lipid suspension was - 1. .00 by o cror S b o oe e s olutione20
added to an aqueous solution of Tris at pH 8 (3 mL of 100 °C -HP
mM), CaCh (250 uL of 1 M), and ethyl acetate (2 mL). '
The reaction was initiated by the addition of phospholipase ~ Preparation of VesiclesSmall unilamellar phospholipid
A, (25 1U), and a similar amount of enzyme was added every Vesicles were prepared by first removing the solvent from
30 min. The reaction was stopped affeh by theaddition aliquots of lipids in chloroform with a stream of nitrogen
of 300 uL of 100 mM ethylenediaminetetraacetic acid 9as and then placing the dried lipids under vacuum for 30
(EDTA). Progression of the reaction was monitored by one- min to remove traces of the solvent. PBS was then added to
dimensional silica TLC in an acidic solvent system (65:25:5 Yield the indicated lipid concentrations. The suspensions were
chloroform/methanol/formic acid). Approximately 40% of Vvortexed and sonicated in a bath sonicator fei3Imin or
the rac-DLPC was cleavedn-2,3-DLPC was purified from  until clear.
sn1,2-lyso-PC and fatty acid using CM-52 cation-exchange  Cell-Vesicle Incubations and Fixation of CelBacked,
cellulose chromatography as describ&d)(Stereochemical  washed erythrocytes were mixed with an equal volume of
purity was verified by circular dichroism. sonicated vesicles to yield a final hematocrit (HCT) of 50%

Synthesis of PS Structural and Stereo AnalogurS. and were incubated in a shaking water bath at@G7At the
analogues were synthesized by a phospholipase D-catalyzedhdicated times, cells were fixed by mixing & of cell
headgroup exchange or transphosphatidylation reaction withsuspension with 4xL of 0.5% glutaraldehyde prepared in
the appropriate alcohollg) (Figure 1).sn1,2-DLPC was 0.15 M NacCl.
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Determination of the Morphological Index (MI) of Fixed
Erythrocytes. Fixed erythrocytes were viewed by light
microscopy under bright field illumination, and cell mor-
phology was indexed as reporte8l).(Crenated cells or
echinocytes were graded froml to +5; discocytes were
graded 0; and invaginated cells or stomatocytes were graded
from —1 to —4. The average score of a field of 100
erythrocytes was designated as the MI.

Vanadate and NEM TreatmentSor vanadate pretreat-
ments, packed erythrocytes were suspended at 50% HCT in -4 b A
PBS containing sodium orthovanadate (2@®). The L L L L
suspension was agitated at 37 for 15 min, and cells were 0 3 60 90 120 150
pelleted by centrifugation (160605 min). The supernatant time (min)
was removed, and the cells were resuspended at 50% HCT
with sonicated lipid vesicles and vanadate (250). In some 4
experiments, untreated cells were incubated with lipid for
10 min at 37°C before adding vanadate (2aM). Samples
were incubated at 37C with slight agitation. For NEM
treatment, erythrocytes were suspended in PBS containing
NEM (2 mM) at 20% HCT. The suspension was incubated
at 37°C for 1 h with shaking, and cells were then pelleted
by centrifugation (1600§) 5 min). The supernatant was
removed; cells were resuspended at 50% HCT with the 4
indicated concentrations of sonicated lipid vesicles; and the . . . .
suspension was incubated at 32 with slow shaking. At 0 2 4 6 8 10
the indicated time intervals, aliquots of vanadate- and NEM- time (h)
treated cell suspensions were fixed with 0.5% glutaraldehydeFicure 2: Time course of erythrocyte shape change (MI) during
for morphological indexing. incubation with PS diastereomers (204) at 37°C for (A) 0—120

. : . i and the MI was calculated as described in the Materials and
Monolayer with BSATo determine the transbilayer distribu- Methods.sn1,2-DLP4 -serine ©), sr1.2-DLPb-serine ®), s

tion of incorporated lipid analogues, erythrocytes (20of 2,3-DLP+-serine {), andsn-2,3-DLPo-serine ).
50% HCT) were incubated twice (5 min each) with 180

of 1% BSA on ice, with one wash in between with PBS, to jined cap, and lysed by the addition of 1 volume of water.

selectively remove outer monolayer synthetic short-chain The suspension was vortexed and incubated on ice for 15
lipids. Cells were washed-34 times with 1 mL of PBS to  mjin, and 11 volumes of isopropanol were added slowly while
remove traces of BSA and fixed in 0.5% glutaraldehyde. m|X|ng The mixture was incubated on ice for 1 h, and 7
Fixed cells were counted to determine the M| as described volumes of chloroform were added while m|X|ng After
above. anothe 1 h of incubation on ice, the organic and aqueous
Extraction of LIpIdS from Red Cells and Separation by |ayers were Separated by Centrifuga’[ion @ mm) and
TLC. Lipids were extracted from red cell membranes or the organic layer was removed and washed with 0.2 volume
unfractionated cells after treatment with synthetic lipids. To of 50 mM KCI. The phases were separated by centrifugation
isolate membranes (ghosts), red blood cell suspensions (10Q500g, 30 min), and the organic layer was collected. The
uL, 50% HCT) containing incorporated lipid analogues were solvent was removed with a stream of nitrogen gas.
lysed by the addltl_on of 10 volumes of ice-cold Tris I'ysmg After isolation, lipids were reconstituted in chloroform and
buffer [10 mM Tris-HCI, 0.5 mM ethylene glycol bis(2-  goh5ated by two-dimensional TLC, by elution with a basic
aminoethyl etherN.N.N N'-tetraacetic ‘.’"C'.d (EGTA)’ 3-8 Solvent (65:25:2.5:2.5 chloroform/methanol/water/ammonia)
mM MgSQ;, 200uM PMSF, and 1 mM dithiothreitol (DTT) i, the first dimension and an acidic solvent (65:25:5

at pr7.6]d and incubateq on (ijce foL 5d mir_1. Ghogtrs] WEre chloroform/methanol/formic acid) in the second dimension.
centrifuged (16009, 20 min) and washed 4 times with Tris | jniq spots were visualized with iodine vapor and scraped,

lysing buffer at 4°C. Lipids were extracted by the method ; o ;
of Comfurius and Zwaal 1(7). Briefly, 4.3 volumes of grr:gl;r;?sngéphate in each lipid was determined by phosphate

mixture (5:8 chloroform/methanol) was added to the ghosts

and incubated at room temperature for 5 min with intermittent ResyL TS

vortexing. Water (1 volume) and chloroform (3.7 volumes)

were added, and the organic/agueous phases were separatedMorphological Response of Red Blood Cells Incubated

by centrifugation (3008, 10 min). The lower organic layer  with DLPS Diastereomer&.he shape changes of red blood

was collected, and the solvent was removed with a streamcells incubated with sonicated vesicles s#1,2-DLP+.-

of nitrogen gas. serine anagn-1,2-DLPb-serine at 37C for times up to 120
To extract lipids from unfractionated red cells, a modifica- min have been described previousty 16); cells treated with

tion of the method of Rose and Oaklander was ug3). ( these lipids convert rapidly from discocytes to echinocytes

Briefly, after lipid treatment, cells were isolated by centrifu- but then revert within 30 min to stomatocytes (Figure 2).

gation (16000, 10 min), placed in a glass tube with a Teflon- Similar to thesn-1,2-DLPS stereoisomers @ndp forms),

morphological index (M)

morphological index (M)
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Ficure 3: Effect of sodium orthovanadate and NEM on the morphology of erythrocytes incubated with PS diastereomyek) @087
°C. Untreated cellsQ) or cells pretreated with 250M vanadate 4) or 2 mM NEM (@) were incubated with (A¥n-1,2-DLP+-serine, (B)
sn1,2-DLPb-serine, (Cpn2,3-DLP+i-serine, or (Dpn2,3-DLPb-serine. At the indicated times, cells were fixed and the Ml was calculated
as described in the Materials and Methods.
sn2,3-DLP+-serine andsn2,3-DLPD-serine liposomes  echinocytes to discocytes (data not shown). Cells pretreated
rapidly induced echinocytes but no reversion to a less with the sulfhydryl-alkylating agent NEM prior to incubation
echinocytic morphology was observed for 30 mam-2,3- with sn-1,2-DLP+-serine also changed morphology from
DLP-L-serine) or 120 mingn-2,3-DLPb-serine) (Figure 2A). discocytes to echinocytes within 5 min and retained this
Continued incubation induced the formation of stomatocytes shape for several hours, indicating that the lipid remained
in sn-2,3-DLP+-serine-treated cells withi3 h (Figure 2B). in the outer monolayer. These data and similar experiments
In contrast, cells incubated win2,3-DLPb-serine reverted  performed by others have established that PS transport in
slowly from echinocytes to discocytes in approximately 6 h the red blood cell plasma membrane is both protein-mediated
(tuz ~ 3 h, Figure 2B). Upon reversion of cells to stoma- and ATP-dependent.
tocytes én-1,2-DLP+-serine,sn1,2-DLPb-serine, andn To determine whether the transbilayer movement of the
2,3-DLPb-serine) or discocytesit2,3-DLPb-serine), shapes  PS diastereomers were also ATP-dependent and protein-
were retained for several hours (Figure 2). These resultsmediated, cells were pretreated with vanadate or NEM and
indicate thasn-2,3-DLPS stereoisomers migrate slowly from the morphological effects of the lipid analogues were
the outer to inner monolayer compared $0-1,2-DLPS assessed. Vanadate pretreatment of cells incubated subse-
stereoisomers and that theserine headgroup increases the quently withsn-1,2-DLP-b-serine demonstrated a change in

rate of movement of then-2,3 isomer. morphology from discocytes to echinocytes analogous to the
Morphological Response of Vanadate- and NEM-Treated shape changes induced &iy1,2-DLP+-serine (Figure 3B).
Red Blood Cells to sn-1,2-DLRserine, sn-1,2-DLP®- Pretreatment of cells with vanadate also blocked the reversion

serine, sn-2,3-DLR-serine, and sn-2,3-DLB-serine.PS of echinocytes to discocytes or stomatocytes induceshby
transport in human red blood cells is dependent upon ATP 2,3-DLP+-serine andsn2,3-DLPb-serine, suggesting that
and is sensitive to vanadate and sulfhydryl reagedts,( the transport of these PS stereoisomers from the outer to
23). Red blood cells pretreated with sodium orthovanadate inner monolayer requires ATP hydrolysis (parts C and D of
(250 uM) and incubated wittsn1,2-DLP+-serine vesicles  Figure 3). Treatment with vanadate subsequent to exposure
changed rapidly €5 min) from discocytes to echinocytes to sn2,3-DLP+i-serine orsn-2,3-DLPb-serine for 10 min

and attained a MI of+3; however, no echinocyte to caused the cessation of the morphological shape change from
stomatocyte shape changed was observed (Figure 3A).echinocytes to stomatocytes or discocytes (data not shown).
Instead, the cells retained an echinocytic shape for 4 h,Cells pretreated with NEM and exposed ¢0-2,3-DLPS
indicating that the out-to-in movement &h1,2-DLP+- serine isomers exhibited no reversion to discocytes or
serine is dependent upon ATP hydrolysis (Figure 3A). stomatocytes, suggesting that a cysteine-containing protein
Vanadate inhibition was not dependent upon pretreatmentis involved in the transbilayer movement &#2,3-DLP+.-

with the reagent; cells treated with vanadate after a 10 min serine angn-2,3-DLP-p-serine (parts C and D of Figure 3).
exposure tosn1,2-DLP+-serine stopped reverting from Cells treated with vanadate or NEM, in the absence of lipids,
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of DLPP-incubated cells with vanadate and NEM had no
effect on the conversion of discoid cells to echinocytes but
prevented the reversion of DLPP-induced echinocytes to
discocytes (Figure 5A), indicative of an outer monolayer
location of the lipid and lack of transbilayer transport. In a

separate experiment, incubation of untreated cells with DLPP
for 1 h prior to exposure to vanadate (26M) resulted in
2 the termination of the shape change from echinocytes to

discocytes (data not shown). Other structural analogues
4+ A (DLPhS, DLPSN-Me, and DLPS9-Me) responded similarly
! ! ! to pretreatment with vanadate or NEM; the cells became
0 30 60 90 120 echinocytic but did not revert to discocytes (parts B of

time (min) Figure 5), although NEM treatment resulted in echinocytes
with a lower MI after exposure to DLPP- or DLPhS-
4 incubated cells (parts A and B of Figure 5). In general, shape
changes induced by lipids in NEM-treated cells were
2 qualitatively different than those induced by lipids in
untreated or vanadate-treated cells; the spikes formed were
0 shorter, finer, and more numerous. This effect is characteristic
of NEM treatment, but the echinocytic shapes were still
-2 reflective of the outer monolayer location of the lipid. These
results indicate that transbilayer movement of PS structural
-4 B analogues is mediated by a sulfhydryl-containing protein and

! ! ! is linked to ATP hydrolysis.
Transbilayer Distribution of DLPS AnalogueBhe echi-
time (h) nocyte-discocyte shape changes induced by DLPS ana-

Ficure 4. Time course of erythrocyte shape change (Ml) induced logues may be due to equilibration across the membrane or

g% dP(SB)Stgg‘;]raE?}aC'O%‘;e% (L2F{)F?")-<';‘t %{;%QO@SA)D%}ES “IJI'Q the transbilayer movement of the incorporated lipid followed
(a), and DLPSN-Me (O).At the indiéate_d times, ’cells were fixed by rer?oval f_r_om_ the _Il_nne(rjdmonolﬁlyer r(]degradatlon Olrl
and the MI was calculated as described in the Materials and Cytosolic partitioning). To address these hypotheses, cells
Methods. exposed to DLPS analogues were treated with BSA to

remove the residual synthetic lipids from the outer mono-
exhibited no change in morphology, thus ruling out an layer. If the reversion to discocytes was the result of
independent effect of these reagents on the cell shape (dataquilibration of the lipid across the membrane, BSA back
not shown). Vanadate and NEM sensitivity implicate an extraction of the outer monolayer lipid should result in an

morphological index (MI)
o

morphological index (Ml)

ATPase in the transbilayer movement eft2,3-DLPS increased stomatocytic shape because of the resulting bilayer
stereoisomers from the outer to inner monolayer of the red imbalance because of excess synthetic lipid in the inner
cell membrane. monolayer. If the discocytic morphology was due to trans-

Morphological Response of Red Blood Cells Incubated location followed by removal of the lipid from the inner
with Structural Analogues of P&ells exposed to DLPC,  monolayer, then BSA back extraction should result in little
DLPP, DLPhS, DLPN-Me, and DLPSO-Me vesicles or no change in morphology. To test this strategy, cells were
became echinocytic within 10 min of exposure to the lipid incubated with DLPS or DLPC and aliquots were removed,
(Figure 4A). Cells treated with DLPC remained echinocytic treated with BSA, fixed with glutaraldehyde, and examined
for 2 h and retained their morphological stage for 4 h, by light microscopy. DLPC induces a discocytechinocyte
consistent with the retention of this lipid in the outer shape change because of the incorporation of this lipid in
monolayer p) (parts A and B of Figure 4). In contrast, cells the red cell outer monolayer. BSA treatment induced a
incubated with DLPSN-Me reverted from echinocytes to  reversion of these echinocytes to discoid morphology,
stomatocytes after 10 min and attained a stomatocytic Ml consistent with the removal of DLPC from the outer
(—2.4) within 30 min (parts A and B of Figure 4), similarto monolayer (Figure 6A). For DLPS, BSA treatment of cells
the time course and extent of the shape change induced byincubated with DLPS for a short time<(L5 min) induced a
DLPS. However, cells incubated with DLPP, DLPhS, and conversion of echinocytic cells to discocytes, consistent with
DLPS-O-Me retained an echinocytic morphology for 90 min the removal of all of the DLPS from the outer monolayer
but, upon continued incubation, reverted to discocytes at and indicating that litle DLPS had been transported to the
similar rates by 4 h, indicating that there is movement of inner monolayer during this time period (Figure 6A). As the
the lipids from the outer to inner monolayer of the cell incubation with DLPS progressed, BSA treatment resulted
membrane (Figure 4B). The morphology of these cells in progressive stomatocytosis, consistent with the transport
remained discoid (Figure 4). of an increasing amount of DLPS from the outer to inner

Morphological Response of Vanadate- and NEM-Treated monolayer. After approximately 20 min of incubation with
Cells to Structural Analogues of PSells were treated with DLPS, BSA treatment had no additional effect on the
vanadate and NEM to test the possibility of energy-dependentstomatocytic shape of the cells, consistent with the near-
and protein-mediated transport of these structure-based PSomplete accumulation of the incorporated lipid in the inner
analogues in human erythrocyte membranes. Pretreatmentnonolayer by this time point. Control cells treated with BSA
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Ficure 5: Effect of vanadate and NEM on the morphology of erythrocytes incubated with PS analogues. Untreated) agllse{ls
pretreated with 25@M vanadate 4) or 2 mM NEM (@) were incubated with (A) DLPP (150M), (B) DLPhS (200«M), (C) DLPSO-Me
(200uM), or (D) DLPSN-Me (200uM). At the indicated times, cells were fixed and the MI was calculated as described in the Materials
and Methods.

became only slightly stomatocytic (Mt —0.5), possibly the inner monolayer. The other PS analogues behaved
because of the extraction of endogenous lipids, such asdifferently. All of the remaining lipids (DLPP, DLPhS,
cholesterol, from the outer monolayer (data not shown). DLPS-O-Me, andsn-2,3-DLPb-serine) induced the forma-
The BSA back extraction method was used to determine tion of echinocytes, but the cells reverted to discoid and not
the transbilayer distribution of lipids in cells incubated with stomatocytic morphology (parts B and C of Figure 6). BSA
DLPP, DLPhS, DLPS9-Me, DLPSN-Me, sn-2,3-DLPb- treatment of cells incubated with these lipids resulted in the
serine, orsn-2,3-DLP+-serine (Figure 6). BSA treatment of  conversion of the echinocytic shapes to discocytes, indicating
cells incubated with these analogues for 5 min resulted in athat all of the lipid was present in the outer monolayer and
conversion from echinocytic morphology to discocytes or accessible to back extraction. After extensive incubation
early-stage stomatocytes, consistent with an outer monolayer(3—6 h), back extraction of cells incubated with these
location of the lipid. At longer incubation times, the behavior lipids had no effect or resulted in the conversion of the
of cells treated with these lipids fell into two categories, discoid cells to early-stage stomatocytes (parts B and C of
depending upon the equilibrium morphology induced by the Figure 6).
lipid. The effect of BSA on shape changes induced by DLPS-  Effect of MRP1 Inhibition on Lipid-Induced Shape Changes.
N-Me, a lipid that induces extensive stomatocytosis, was In addition to the inwardly directed PS flippase, red cells
identical to the effects of BSA on cells incubated watt contain an ABC transporter, MRP1, that facilitates the
1,2-DLP+-serine; at early times<(15 min) of incubation movement of PC and perhaps PS from the inner to outer
with the lipid, BSA back extraction resulted in the conversion monolayer 24). To rule out the possibility that the shape
of echinocytes to stomatocytes, while at later times, the shapechanges induced by the synthetic PS analogues were
of DLPSN-Me-induced stomatocytes was unaffected by influenced by outward transport to the outer monolayer by
BSA treatment (Figure 6A). Cells incubated with lipids MRP1, cells exposed to PS analogues were subsequently
that produce an appreciable degree of stomatocytes, althoughreated with MK571, an inhibitor of MRP R4, 25). Aliquots
at a slower rategnt+2,3-DLP+-serine), responded similarly  were drawn from suspensions of cells incubated with lipid
to BSA. Back extraction ofsn2,3-DLP+i-serine-treated  vesicles for 10 min §n-1,2-DLP+-serine) @ 1 h (DLPP,
cells with BSA induced progressive stomatocytosis (Figure DLPhS, and DLPS3-Me) to allow for full incorporation of
6B), consistent with the removal of residual outer mono- the lipids in the outer monolayer and were treated subse-
layer sn-2,3-DLP+-serine and increasing accumulation of quently with MK571 (5QuM). The time course of the shape
sn-2,3-DLP+-serine in the inner monolayer. After extended change induced by these lipids was unaffected by MK571
incubation (5 h) with this lipid, BSA treatment induced a treatment, indicating that MRP1 did not transport these
small increase in stomatocytosis, indicating that, at this time analogues from the inner to outer monolayer (data not
point, most of thesn-2,3-DLP+-serine had accumulated in  shown).
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Ficure 6: Effect of BSA back extraction on the morphology of
cells incubated with dilauroyl phospholipids. Cells were incubated
with sonicated vesicles of dilauroyl phospholipids for the indicated
time, and aliquots were fixed with glutaraldehyde befae [,

and A) or after @, B, and A) treatment with 1% BSA. The Ml
was calculated as described in the Materials and MethodssrtA)
1,2-DLP+-serine (20uM, O and®), DLPC (200uM, O andH),

and DLPSN-Me (200uM, A anda); (B) sn-2,3-DLP+-serine (200
uM, O and®) andsn-2,3-DLPb-serine (15Q:M, O andM); and

(C) DLPP (150uM, O and @), DLPhS (200uM, O and®), and
DLPS-O-Me (200uM, A and a).

Analysis of the Incorporated Short-Chain LipidEhe
apparent lack of accumulation of DLPP, DLPhS, DLES-
Me, andsn-2,3-DLPb-serine in the erythrocyte inner mono-
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Ficure 7: Amount of cell-associated short-chain lipids. Cells were
pretreated with buffer (open bars) or vanadate (28 closed
bars) and incubated with (A9n-1,2-DLP+-serine (20uM), (B)
DLPSN-Me (200uM), (C) sn2,3-DLP+-serine (20«M), (D) sn
2,3-DLPo-serine (15QM), (E) DLPP (150uM), (F) DLPhS (200
uM), or (G) DLPSO-Me (200 uM) for 4 h. Cells were lysed,;
membranes were isolated; and the lipids were extracted and
separated by TLC. Lipids were identified by reference to standards
separated on parallel TLC plates, and the lipid content was
determined by phosphate analysis. Data are expressed as percentage
of each short-chain lipid initially associated with the cell.

phospholipids were well-separated from endogenous lipids,
allowing for the independent assessment of synthetic lipid
content by phosphate analysis. TRevalues of the DLPS
diastereomers, DLPhS, and DLREMe were less, and the

R values of DLPP and DLP®-Me were greater than that
of the corresponding native PS in a one-dimensional acidic
elution system (65:25:5 chloroform/methanol/formic acid).
However, to ensure good separation, a two-dimen-
sional system was used to isolate the PS analogues.
While the amount ofsn1,2-DLPS, DLPSN-Me, and
sn2,3-DLP+-serine was unchanged (parts—& of Fig-

ure 7, respectively), #¢h 4 h incubation resulted in a
significant loss okn-2,3-DLPb-serine, DLPP, DLPhS, and
DLPS-O-Me from the membrane (a reduction of 42.5, 76.9,
58.4, and 68.5%, respectively; parts-B of Figure 7).
However, if the cells were preincubated with vanadate before
exposure to these lipids and analysis by TLC, no change in
the amount oén-1,2-DLPS sn-2,3-DLP+-serine, and DLPS-
N-Me associated with the cells occurred withd h (parts
A—C of Figure 7) but an increase in the amount of ¢ime
2,3-DLPb-serine, DLPP, DLPhS, and DLRS-Me associ-
ated with the cells was observed (an increase of 13, 27.7,
33.6, and 56.4%, respectively).

To address the question of whether the apparent loss of
lipid determined in the previous experiment was due to
degradation or cytosolic extraction of the synthetic lipid,
unfractionated red blood cells, rather than membranes, were
subjected to extraction with isopropanol/chlorofor@p)

This procedure should capture all of the synthetic lipid

layer could be the result of the removal of the newly associated with the cell (membrane or cytosol), regardless
transported lipid from the inner monolayer (i.e., by partition- of location. Cells treated with lipids for Oro6 h were

ing into the cytosol) or the degradation of the lipid by extracted with isopropanol/chloroform; the organic phase
intracellular phospholipases. To test the former possibility, was isolated; and the lipids were analyzed by TLC as
lipids from cells treated with PS analogues were extracted described above. Cells treated with DLPP, DLPhS, and
from isolated membranes immediately after incorporation of DLPS-O-Me retained 70.5, 118.2, and 79.5%, respectively,
the lipid (O min) or afte a 4 hincubation. Extracted lipids  of the lipids initially associated with the cells. These data
were separated by conventional TLC. Because of the are consistent with the partitioning of the transported lipids
difference in acyl chain composition and the increased into the cytoplasm, rather than inner-monolayer-dependent
resolution afforded by the silica HL plates, the dilauroyl degradation.
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DISCUSSION Vanadate is a pentavalent phosphate analogue that inhibits

) ) ) o a variety of ATP-dependent enzymes, including ATPases,
The mechanism by which transbilayer phospholipid asym- ang has been used as an indicator of energy-dependent

metry.in biological membranes is.m'aintained is through the lipid transport 8). Sensitivity to sulfhydryl reagents, such
combined action of a number of lipid transporters that vary a5 NEM, has been used as a criterion for whether PS trans-
in substrate speC|f|C|ty, energy requirements, and direction port is protein-mediated2( 23, 33). The present study is
of transport {). These include outwardly direct transporters the first demonstration of an ATP-dependent transport
or “floppases”, such as the multidrug resistance proteins activity in erythrocytes for lipids other than PS, PE, and
ABCB1, ABCB4, and ABCC1, and the inwardly directed n_methyl-PE.

“flippases”, such as the plasma membrane PS flippase. Tne ransport activity of lipids tested in this work fall into
Previous studies have shown that some floppases argpee kinetic categories: (1) rapidly transported lipitis (
relatively nonspecific for their lipid substrate, while others - 15 min: sn1.2-DLPS and DLPN-Me), (2) lipids that
display a greater degree of selectiviB6(27). In contrast, have intermediate transport ratég,(~ 1—3 h: sn-2,3-DLP-
erythrocyte PS flippase activity is exquisitely sensitive t0 | sarine. DLPP. DLPhS. DLPS-Me. andsn-2.3-DLPo-

the structure of its substrate and recognizes multiple structuralserine) ‘and (3)’ lipids that are not t}ansportea significantly
elements of the lipid4). The present study demonstrates afiar several hours(> > 6 h; DLPC; Table 1). A detailed

that, althoughsn-1,2-PS is the optimal substrate for the gq,qy of the transport of spin-labeled PS and PE analogues
inwardly directed flippase activity in erythrocytes, structural |4 heen reported previous$, (L5) and is consistent with

homologues and stereoisomers of PS are also capable ofye present study. Although spin-labeled lipids generally have
ATP- and protein-dependent transport across the membranehigr1er rates of inward movement, they can also be grouped
Erythrocytes and platelets are unique in that the transbi-in the classification described above. Spin-labeled PE,
layer distribution of incorporated amphipathic compounds N-methyl-PE, andN,N-dimethyl-PE fall into the second class
can be deduced from cell morphology. The effects of amphi- (intermediate rate of transbilayer movement). Methylation
pathic compounds on red cell shape have been well-docu-of the amine group of PE reduces the amount and increases
mented, and independent confirmation of the monolayer the half-time of lipid transport. The rate of transport of the
location of the incorporated lipids has shown that the induc- spin-labeled PS analogues with headgroup [phosphatidyl-
tion of these shape changes are consistent with the bilayer(1-methyl-ethanolamine)] and acyl group [1-(16-doxyl-
couple hypothesis of Sheetz and Sing&r28, 29); amphi-  stearoyl)-2-acetyl-phosphatidylserine] modificatioBsplaces
paths that partition into the outer monolayer induce an them in the slowly transported class. Similar rates of transport
echinocytic shape, while those that partition into the inner were also reported for the short-chain (this paper) and spin-
monolayer induce a stomatocytic shape. These changes inabeled g) analogues of P®-Me. The lipids belonging to
cell shape can be used as a sensitive indicator of the movethis class represent the modification of a number of lipid
ment of lipids across the membrane bilayer. Indeed, the first structural elements, suggesting that rapid inwardly directed
reports of PS flippase activity in erythrocytes used these flipping activity is sensitive to almost all structural elements
characteristic shape changes to report the transbilayer distriof the PS molecule.
bution of exogenously incorporated synthetic 2S3f. Sub- With the exception of PC, all of the lipids tested ac-
sequent studies have employed cell morphology as a measurgumulate on the cytosolic side (in the inner monolayer or
of transbilayer lipid location §) and have applied this  cytosol) of the erythrocyte membrane. This is not readily
approach to other cells, such as platels30, 31), and to  apparent from the morphological data. Indeed, the shape
synthetic systems, such as giant unilamellar vesic®& ( changes induced by the lipids used in this study, except for
Further, the lipids that can be studied with this technique do pLPS, N-Me-DLPS, andsn-2,3-DLP+-S, appear to indicate
not require the presence of additional, potentially perturbing, that at equilibrium an equal amount of lipid is present on
reporter groups, such as fluorophores or spin labels, and mayeach side of the membrane. If this were the case, BSA back
more accurately represent the behavior of native phospho-extraction would result in the induction of a significant
lipids. Amphipath-induced changes in cell morphology were degree of stomatocytosis. However, removal of residual outer
exploited in the present study to address the specificity of monolayer lipids induces a similar, discocytic morphology
PS homologue transport in erythrocyte membranes. at all time points. It is also possible that the lipids are being
Previous studies have shown that PS is unique among thetransported to the inner monolayer but are then transported
glycerophospholipids in that it is a substrate for an ATP- out of the cell by another mechanism, such as the multidrug-
and protein-dependent inwardly directed flippase in the resistance-related protein, MRP24( 34). However, inhibi-
erythrocyte membrane. Using a variety of methods and lipid tion of MRP1 has no effect on the morphology of treated
analogues, it has been well-established that other glycero-cells, indicating that lipid efflux by this mechanism is
phospholipids do not traverse the membrane at an appreciableinlikely. Instead, these data are consistent with the transport
rate compared to PS. These data have led to the propositiorof the lipid from the outer to inner monolayer followed by
that a single, PS-selective ATP-dependent transporter isremoval from the inner monolayer, either by metabolic
present in erythrocyte membranes. However, these studiesonversion to a nonmembrane-perturbing lipid or by parti-
did not address the energy requirement of the slowly moving tioning into the cytosol. The BSA lipid extraction data
glycerophospholipidsg; 15). We have re-evaluated these support this hypothesis. Cells treated wgh2,3-DLPD-
experiments and found that a set of glycerophospholipid serine, DLPP, DLPhS, or DLPS-Me show a substantial
analogues representing select modifications of the PS(40—70%) loss of the incorporated lipid afte 4 hincubation
structure flip across the erythrocyte membrane in a vanadate{Figure 7). Prior transport to the inner monolayer is required;
and NEM-dependent manner. inhibition of transport with vanadate prevents the loss of lipid
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Table 1: Rate and Extent of Lipid Transport in Human Erythrocytes

maximum
ti,at  internalization

lipid abbreviation 37°C (%) ref
1-palmitoyl-2-(4-doxylpentanoyl$n-glycero-3-phospha-serine PS 4 min 93 8
1,2-octanoylsn-glycero-3-phospha-serine DOPS 15 min rid 50
1,2-heptanoybkn-glycero-3-phosphe-serine DHPS 15 min nd 50
1,2-decanoybkn-glycero-3-phosphae-serine DDPS 15 min nd 50
1,2-dilauroylsnglycero-3-phosphae-serine DLPS 15 min 8090 2,5
1,2-dilauroylsn-glycero-3-phospho-serine snl1,2-DLPD-serine 15 min 8690 b
1,2-dilauroylsnglycero-3-phosphi-methylserine DLPN-Me 15 min 80-90 b
1-(16-doxylstearoyl)-2-acetydr-glycero-3-phosphae-serine Ac-PS 36 min 65 8
1-palmitoyl-2-(4-doxylpentanoyl¥n-glycero-3-phosphd-methyl-ethanolamine PME 52 min 56 8
1-palmitoyl-2-(4-doxylpentanoyl¥n-glycero-3-phosphoethanolamine PE 55 min 87 8
1-palmitoyl-2-(4-doxylpentanoyl$n-glycero-3-phosphoserine methyl ester PS-MeE 1h 79 8
1,2-dilauroylsnglycero-3-phosphoethanolamie DLPE 1.25h nd
2,3-dilauroylsn-glycero-3-phospha-serine sn2,3-DLP+i-serine 2 h >70 b
2,3-dilauroylsn-glycero-3-phospho-serine sn2,3-DLPb-serine 3 h >50 b
1,2-dilauroylsnglycero-3-phospho-propionic acid DLPP 3h >50 b
1,2-dilauroylsnglycero-3-phospho-serine methyl ester DLESe 3h >50 b
1,2-dilauroylsn-glycero-3-phospho-homoserine DLPhS 3h >50 b
1-(16-doxylstearoyl)-2-hydroxgn-glycero-3-phosphe-serine lyso PS 3h 38 8
bovine brain lyso PS lyso PS 3h nd 2
1-palmitoyl-2-(4-doxylpentanoyl¥n-glycero-3-phosph®,N-dimethyl-ethanolamine  PDE 3h 42 8
1-palmitoyl-2-(4-doxylpentanoyl¥n-glycero-3-phosphe-alaninol PES Me (L) 3h 42 8
1-palmitoyl-2-(4-doxylpentanoyl¥n-glycero-3-phospha-alaninol PES Me (D) 3h 42 8
1,2-dilauroylsn-glycero-3-phospho-choline DLPC >6h 0 2,5
1-palmitoyl-2-(4-doxylpentanoyl$n-glycero-3-phospha-choline PC 9h 9 8
1-palmitoyl-2-(4-doxylpentanoyl¥n-glycero-3-phospho-3-amino propanol PP 16 h 80 8
1-(16-doxylstearoyl)-2-hydroxgn-glycero-3-phosphocholine lyso PC 14 h 4 8
1-(16-doxylstearoyl)-2-acetydr-glycero-3-phospha-choline Ac-PC 14 h 50 8

an.d. = not determined® This paper.

from the membrane fraction. In addition, restricting the lipid indicating that, on this time scalsp-2,3-DLPb-serine was
to the outer monolayer with vanadate also increases thetransferred to the inner monolayer. The transhilayer move-
amount that can accumulate in the cell. In contrast, lipids ment of each of the diastereomers of PS is inhibited by
that induce a significant degree of stomatocytosis (DLPS, vanadate and NEM, indicating that transport is ATP- and
N-Me-DLPS, andsn2,3-DLP+-S) are retained in the protein-dependent.
membrane fraction. The disappearance from the membrane These data have significant implications for the structure
of the slowly transporting species is the result of partitioning of the substrate recognition sites of the putative lipid
into the cytosol rather than degradation or conversion to transporter(s). Of the two chiral centers in the PS molecule,
another lipid metabolite; extraction of lipid from unfraction- the primary determinant of rapid transport is the glycerol
ated cells indicates that the incorporated synthetic lipids are moiety, while the serine component is a secondary deter-
retained by the cell. Similar cytosolic partitioning behavior minant;sn1,2-PS is transported regardless of serine stere-
induced by peroxide treatment has been reported for short-ochemistry; howeversn-2,3-PS is transported, albeit more
chain synthetic lipids incorporated into red blood ce85)( slowly, at a rate dependent upon the serine stereoconfigu-
The significance of these results is unclear but may indicate ration. This indicates that both chiral centers are recognized
that, once internalized, at least some of these lipids rapidly by the lipid transporter(s). The stereochemical centers may
dissociate from the membrane and may reflect a previously not bind to a spatially complementary structure on the protein
uncharacterized role for hemoglobin in binding lipids and but might instead form a pair of two-position contacts. This
other amphipathic compound36). would allow for the combination of then2,3-glycerol
Transbilayer M@ement of PS Diastereomei®e changes  isomer and the-serine group to create a conformer that more
in cell morphology upon incubation with PS diastereomers closely mimics sn-1,2-DLPS thansn-2,3-DLPb-serine,
from discocytes to echinocytes to stomatocytes reflects theirconsidering that the distance between these structures
incorporation in the outer monolayer by monomer transfer, provides for a significant degree of conformational flexibility.
followed by transport to the inner monolayer (Figure 2B).  Transbilayer M@ement of PS Structural Analogues.
Although the shape changes determined by the cells incu-hallmark of rapid ATP-dependent transport across the
bated withsn1,2-DLP+-serine,sn1,2-DLPb-serine, and  erythrocyte membrane is the presence of a primary or
the glycerol isomesn-2,3-DLP+-serine were similar, their ~ secondary amine group in the lipid substrate. Previously, only
t12 of inward movement was differergn-1,2-DLP+.-serine PS and PE were considered to be substrates for this transport
and sn1,2-DLPD-serine were transported into the inner activity. Modification of the amine group of PE results in a
monolayer within 15-30 min, whereasn-2,3-DLP+.-serine decrease in the rate of transport; progressive methylation of
required 3-5 h to reach equilibrium (parts A and B of Figure PE results in a progressive decrease in transport actB)ity (
2). In contrast, cells incubated witbn2,3-DLPD-serine and acylation of the amine group of PE eliminates transport
began to revert to less echinocytic shapes only &fte and activity (37). In contrast, the present study demonstrates that
attained a slight stomatocytic morphology (M —1), methylation of the amine group of PS has no effect on the
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ability of the lipid to be transported across the membrane. here @5). Whether these protein are directly involved in
Indeed, DLPSN-Me is the only lipid that is transported transport activity awaits purification and functional recon-
across the erythrocyte membrane at a rate comparable tcstitution.
DLPS. The present study also demonstrates that the presence Attempts to purify the human erythrocyte flippase have
of an amine group is not essential for ATP- and protein- resulted in various preparations of PS-stimulated?Mg
mediated transport. A PS analogue that does not contain anATPases that are likely candidat&8,(46—49). The ATPase
amine group (DLPP) is transported across the erythrocyte activity of these ATPases demonstrates a lipid specificity
membrane at a raté;p ~ 10-fold slower than PS) similar  that is similar to the requirements demonstrated here; they
to that of PE 2, 7). Thus, the presence of both an amine are selectively stimulated gn-1,2-PS, insensitive to serine
and carboxyl group are necessary for maximal transport; stereochemistry, and are partially activated by negatively
however, the lack of either of these groups does not precludecharged lipids (Daleke, D. L., and Zimmerman, M. L.,
transport, although more slowly, by an ATP- and protein- unpublished observationg; 15, 49). The identity of this
mediated process. protein and whether it is a PS flippase are the subject of
Other modifications to the structure of the PS molecule ongoing studies.
produce a similar reduction in the rate of transport and
indicate that transport is sensitive to the headgroup size and
charge. Increasing the size of the serine headgroup, throughCONCI‘USION
the addition of a methylene between the phosphate group This work demonstrates that the inwardly directed trans-
and serinex carbon (DLPhS) is sufficient to reduce the rate port of short-chain glycerophospholipid analogues of PS
of transport by 10-fold. A similar reduction is observed with across the plasma membrane of the human erythrocyte is
the carboxyl methyl ester of PS (DLRZMe), although both  ATP-dependent and protein-mediated.-B; Po-S, and
of these lipids retain an ATP- and protein-dependent mech- N-methyl-PS are the optimal substrates, but this transport
anism of transport. These data are consisted with Morrot et mechanism(s) accepts modification of many structural fea-
al. 8), who reported that a spin-labeled analogue of®®S-  tures of the PS molecule. Almost all of these modifications
Me was transported across erythrocyte membranes at a raténcrease they, of the out-to-in movement by at least 10-
similar (2 ~ 1 h) to that reported here. fold, but the previously unrecognized sensitivity of the
When these data are taken together, they indicate that theransbilayer movement of these lipids to vanadate and NEM
ATP- and protein-mediated transport of glycerophospholipids suggests the involvement of an energy-dependent transporter,
across the erythrocyte membrane is much more flexible in rather than passive lipid flip-flop, as the primary pathway
regard to substrate recognition but that PS Brdethyl-PS  for transbilayer movement. These data are consistent with
are the optimal substrates. The lack of ATP-dependent trans-either a broader degree of substrate specificity for the PS
port of PC and lyso PS and the slow transbilayer movementflippase than has been previously recognized or are sugges-
of phosphoinositidesj, ~ 3 h (38)] indicates that there is  tive of the presence of multiple ATP-dependent transporters
a limit to substrate recognition and suggests that for optimal with different structural specificities.
binding the lipid must be a diacyl glycerophospholipid with
a headgroup possessing both a protonatable amine and a
negatively charged (carboxylate) recognition element. ACKNOWLEDGMENT
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