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ABSTRACT. We have synthesized spin-labeled (SL) and fluorescently labeled diacyl, 1-alkyl-2-acyl-, and
di-alkyl glycerophospholipids. Then2 chain was a short chain with either a nitroxide group or a 7-nitro-
2,1,3-benzoxadiazol-4-yl (NBD). After incorporation in the exoplasmic leaflet of human erythrocytes, we
found that SL-phosphatidylcholine (PC) redistributed very slowly across the plasma membrane, less than
20% reaching the cytoplasmic leaflat3 h at 37°C. In contrast, SL-phosphatidylserine (PS) accumulated

on the cytoplasmic leaflet with the same plateau corresponding to 90% of the probes inside. The
characteristic times for inward redistribution were different for the three PS analogues:*@f Biét;/,

for the diacyl, alkyl-acyl, and dialkyl compounds were 2.3, 3.5, and 41 min, respectively. ATP depletion
or incubation withN-ethylmaleimide inhibited the rapid translocation of the PS derivatives. The diether
PS bearing an NBD group translocated very slowly in human erythrocytes and no acceleration by ATP
could be measured. On the other hand, in human fibroblasts, the diether RBRand SL-PS were both
transported from the exoplasmic to the cytoplasmic monolayer of the plasma membrane as it is the case
for the transport of the respective diester PS analogues. These results prove that the ether bonds do not
prevent completely PS binding and translocation by the aminophospholipid translocase despite a probable
hindrance due to the ether linkage on #81e2 chain. Because of the high stability of the ether linkage,

SL and NBD diether analogues should be useful to investigate lipid traffic in cultured cells.

Apart from ester bonds, ether linkages of fatty acid important biological functions. Platelet-activating factor
residues are present in naturally occurring phospholipids. (PAF) has many physiological effects which are elicited by
They are generally found in bacteria living in extreme very low concentrations of this molecule for example during
conditions, particularly at high temperature, high salt, and inflammation, platelet aggregation, allergic response, etc.
unusual pH. Lipids of Archaebacteria are based on the ether Ether phospholipids may provide valuable tools to study
linkage of glycerol with two alcanols chains or complex phospholipid dynamics in cells due to their resistance toward
polyisoprenoid alcoholslj. Ether bonds are also found in  hydrolytic cleavage of fatty acid residues. For investigation
phospholipids of eukaryotic cell). A significant fraction  of lipid dynamics in biological membranes, several spin-
of ethanolamine derivatives in the plasma membrane of |aheled (SL) or NBD-labeled analogues of naturally occurring
human red cell are plasmalogens which are alkenylacyl glkyl derivatives have been synthesized already. They
species 2). In addition to their occurrence as structural generally include an ether bond in the-1 position and an
components of biomembranes, ether lipids are molecules withester bond in then-2 position. For example, a SL analogue
of PAF-acether was synthesized with 4-doxylpentanoic acid
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SL, spin-labeled at C2, 4-doxylpentanoyl; diester (diacyl), 1,2-diacyl- . . -
snglycero-3-; ether-ester, 1-alkyl-2-acgh -glycero-3-; diether (di- To test the influence of an ether bond in grel position

alkyl), 1,2-dialkylsn-glycero-3- . on the activity of the aminophospholipid translocase, we have
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Scheme 1: Precursors Scheme 2: Paramagnetic Diether Phospholipids
Stearyl mesylate " '-‘()<‘:()(:ﬂa,_‘37 e O_{OC1BH37 (2 WO_[OCme
CrgHa7OH ——= G gHarOMes OC(CeHs)s C?\jov OC(CsHs)s ° OH

(1) mesyl chloride (MeSO,Cl) / Et,0-CH,Cl, /NE, / reflux / 2 h / 86% 0GCwH 0C.H
SN 1837 (5 SN 18 -37 -
: ;> N0 (T[OH => onN"o O{&Pozfo’\ﬁ\

1-stearyl-3-(triphenylmethyl)-sn- glycerol (6) )«
OH (1) 0C15H37 (3) 0{0015"‘37 =)
H OCigH37 +
gl OC(Cehs)s o, (}m&m}d\iws
(1) C4H;,OMes / NaH / DMF / overnight / 80°C )T/ oo

(2) conc. HC1/MeOH /reflux / 1 h/ 53% (1+2) Ps
(3) (C¢H;);CCl/ NEt, / toluene / reflux / S h / 94%
(1) 4,4-(1,2-dioxyethylene)pentyl mesylate / NaH / DMF / reflux / 2 h / 62%

4,4-(1,2-dioxyethylene)pentyl mesylate (2) CF,CO,H / nBuOH / r.t. / 100%
o (3) 2-amino-2-methylpropanol / pTSA / toluene / reflux / 24 h
(1), OH (3) 5/0\/\0Mes
\O/VKO/\/\ 2 o - U (4) m-chloroperbenzoic acid / E,0 / r../ 38% (3+4)

(5) (2-bromoethyl) dichlorophosphate / NEt, / CHCI; /r.t. / 3 h / 42%

(6) (a) NMe, / CHCl,- iPrOH-DMF / 55°C /2 h - (b) Ag,CO,/ 1 h/69% (a+b)

(7) L-serine / 0.2M acetic buffer, pH 5.6, 40mM Ca®* / phospholipase D
(Streptomyces species) / AcOEt/ 30°C /24 h/ 54%

(1) glycol / pTSA / toluene / reflux / 24 h (Dean-Stark) / 86%
(2) LiAlH, / Et,0 / reflux / 30 mn / 92%
(3) mesyl chloride (see above) / 98%

6-BOCaminojhexyl mesylate Scheme 3: Fluorescent Diether Phospholipids

HaNo~~ oy (1), BOCH NHoA~A~ o (2)_ BOC- NH~~" G Mes

OCygHa7 (1 OCygH (2)
(1) (tBuOCO), / NEt, / THF / £.t. / 2 h / 100% HO‘[ Lk BOCNH/\N\O{ .

OC(CgHs) )
(2) mesyl chloride (see above) / 58% es)s OC(CeHs) 3

BOC-NH OCigHar (4), BOC-NHo~~~ [ OCeHa7 o« .
synthesized previously SL ethanolamine and choline plas- N\/\{OH ) O{O—F’O;'O’“T\
malogens and measured their transbilayer movements in

(8 Q OC1gH; ®),
human erythrocytes8f. We found that the SL plasmenyl- @ oN NHNV\O{O_,B,Q N
ethanolamine analogue moves rapidly from the exoplasmic P "
to the cytoplasmic leaflet with a half time at 3T of 30 QNQNHWO{OC'BHW .
min comparable to that of the corresponding SL diacylphos- opo;o’(;(“‘“a
phatidylethanolamine (diester PE) in an ATP-requiring and o
NEM sensitive manner. By contrast, afteh of incubation,

less than 20% of the SL plasmenylcholine reached the (1) 6-(BOCaminoyhexyl mesylate / NaH / DMF / reflux /2
cytoplasmic leaflet. Thus, the plasmalogens behaved as the (2) BF,-MeOH / CH,Cl, / r.t. / 4 h / 40% (1+2)
corresponding diacyl lipids. In the present work, we have (3) reprotection of NH, / 80%

Synthesized SL and NBD-labeled ana|ogues of diether (4) (2-bromoethyl) dichlorophosphate / NEt, / CHCl, /r.t. /3 h

phospholipids with either a choline or a serine headgroup (5) (a) NMe, / CHCI;- iPrOH-DMF / 55°C /2 h - (b) Ag.CO, / | h/43%
(6) CF,CO,H / CH,Cl,/ 0°C / 30 mn

and measured the outside-inside diffusion in the plasma (7) NBD chloride / NEt,/ EXOH / t.. / 3 h/ 23% (6+7)
membrane of huma_n erythrocyteS and human fibroblasts. We (8) L-serine / 0.2M acetic buffer, pH 5.6, 40mM Ca™ / phospholipase D
show that these lipid analogues which are not a substrate of (Streptomyces species) / ACOEt/ 30°C / 24 h / 36%
endogenous phospholipase énzymes can be useful tools

to investigate phospholipid trafficking in eukaryotic cells. dicarbonate. After conversion to glycerophosphocholine, the
BOC group was removed with trifluoroacetic acid and the

MATERIALS AND METHODS amine alkylated with NBD chloridel@). Each 1,2-dialkyl-
snglycerol was esterified with (2-bromoethyl) dichlorophos-
Synthesis of Fluorescent and Paramagnetic 1, 2-Diether- phate, and after treatment with trimethylamine and silver
sn-glycerophospholipids. (see Schemes 1, 2, andriBt carbonate, the corresponding glycerophosphocholine was
steps (Scheme 1) led to a common intermediate, the 1-stearyl-obtained 9, 13). Transesterification with-serine, mediated
3-(triphenyl methyl)snglycerol: the hydroxyl group of 2,3- by phospholipase D (streptomyces species from Sigma, Paris)
O-isopropylidenesn-glycerol (from Aldrich Chemical) was  gave the PS14). This reaction was at least 10 times slower
alkylated with stearyl mesylate, and after deprotection with for diether phospholipids than for the diester analogues, but
hydrochloric acid, the primary alcohol was tritylatedj {0) gave comparable yields. The molecular weight of the
(Scheme 1). The second alkyl chain was introduced in a 1-stearyl-2-(4-doxyl pentyl¥n-glycerophosphocholine was
similar manner leading, after deprotection, to 1,2-dialkyl- assessed by FAB mass spectrometry using MNBA-glycerol-
snglycerol. In the case of paramagnetic lipids (Scheme 2), trichloracetic acid matrix. The paramagnetic diether PC gave
we used 4,4-(1,2-dioxyethylene)pentyl mesylate; trifluoro- a formula peak atn/z 681.6.'H NMR spectra confirmed
acetic acid removed both protective groups; the 4-doxyl the introduction of the chains leading to the diether glycerol.
derivative was then obtained by reaction of the carbonyl The purity of the labeled phospholipids was checked by thin-
group with 2-amino-2-methyl propanol, followed by oxida- layer chromatography on silica gel 60 which gave one spot
tion with m-chloro perbenzoic acidB( 11). For fluorescent  with different eluting mixturesR values were 0.35 and 0.23
lipids (Scheme 3), we used 6-(BOCamino)hexyl mesylate; for fluorescent PC and PS, respectively, on plates developed
during the second step, some deprotection of the amine tookin chloroform/methanol/water (65:25:4). Further character-
place, which needed a subsequent treatment with ditertiobutylization was performed by phosphate determinatitb),(
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spectrophotometric assay for the fluorescent lipids{(= sodium pyruvate to prevent a decline in cellular ATIE)(
471 nm,emax = 14 800 in CHCY) and ESR measurement ESR ExperimentsLabeling of the erythrocytes and
for the spin-labeled ones (see below). fibroblasts with SL phospholipids and determination of

Synthesis of Fluorescent and Paramagnetic 1,2-Diacyl and analogue redistribution have been described in degail§,
1-alkyl-2-acyl Phospholipidsl,2-Diacyl and 1-alkyl-2-acyl ~ 19). The back-exchange procedure was modified because of
phospholipid analogues were prepared as described previthe higher lipophilic character of the diether SL molecules:
ously for SL analogues8} and fluorescent analoguetgj. 6% (w/v) fatty acid free bovine serum albumin (BSA, final
The sn2 chain was a 4-doxylpentanoic acid in case of concentration) was used and each aliquot was incubated at
paramagnetic analogues, a (6-NBD)-hexanoic acid in case0 °C for 4 min to allow an efficient extraction of the spin
of fluorescent analogues. PC analogue was synthesized eithelabels present in the exoplasmic leaflet. After centrifugation
from an ester or ether lyso-PC molecule which was reacy- of the suspension, supernatant was removed and generally
lated by a probe-bearing fatty acid. PS analogues werefrozen before ESR analysis. The amount of spin label in the
obtained by an exchange reaction between choline and serinsupernatant which corresponds to lipid analogues originally
headgroups, catalyzed by phospholipase D. present in the exoplasmic leaflet was determined by ESR

Preparation of Human ErythrocyteBreshly drawn adult ~ spectroscopy after thawing the sample and addition of
human blood was obtained from a blood bank (Centre ferricyanide (10 mM final concentration) using a Bruker ESR
National de la Transfusion Sanguine). Blood was centrifuged 9 GHz spectrometer (200D SRC or ECS 106). The amplitude
at 3000 rpm for 5 min at 8C in buffer A (120 mM NacCl, of the central line was used to determine the percentage of
5 mM KCI, 1 mM MgSQ, 0.5 mM EGTA, 10 mM glucose, probes on the cytoplasmic leaflet. In the case of partial
10 mM inosine, 10 mM adenosine, 10 mM sodium pyruvate, hydrolysis of thesn2 chain, a correction has to be made
and 10 mM Hepes, pH 7.4). The buffy coat and supernatant(8). However, this correction was barely necessary for the
were carefully removed by aspiration. The cells were washed diacyl or alkyl-acyl probes if DFP has been used. In some
four times with 20 vol of buffer A and used at a final cases, to obtain a better sensitivity, an equal amount of SDS
hematocrit of 33%. Before adding the probes, unless (final concentration 5%) was added to the supernatant. The
otherwise mentioned, diisopropyl fluorophosphate (DFP) was latter procedure which is applicable only in the absence of
added at a final concentration of 5 mM. In some instances, hydrolysis or in the case of negligeable hydrolysis is well
erythrocytes were treated with NEM to inhibit the amino- adapted to diether SL lipids.
phospholipid translocase. For that purpose, to 4 mL of red Fluorescence Spectroscopy and Microscdpyiorescent
cell pellet 100uL of NEM was added (1 mM in buffer A)  analogues were inserted into the plasma membrane of ghosts
and incubated 20 min at 37C before use. For ATP  and fibroblasts grown as a monolayer as described in

depletion, erythrocytes were incubated fbh at 37°C in Pomorski et al. 18, 20), respectively. After labeling, the cells
the following buffer: 70 mM NaCl, 70 mM KCI, 20 mM  were washed and subsequently incubated for different periods
deoxyglucose, 10 mM Hepes, pH 7.4. of time as described in the figure legends. The determination

Preparation of Resealed GhostResealed ghosts were of analogue transbilayer distribution in ghost membranes
prepared by hypotonic lysis as described by Schwoch andusing the selective destruction of NBD fluorescence by
Passow17). Briefly, lysis was performed at 4C by dilution dithionite has been described in detd&D). For the deter-
of 4 mL of ice-cold suspension of erythrocytes (50% packed) mination of analogue redistribution in fibroblasts, cell
with 60 mL of ice-cold lysis buffer containing 1.2 mM acetic monolayers were incubated with Hank's balanced salt
acid, 4 mM MgSQ, and 0.5 mM EGTA (pH 3.2). After 5  solution without bicarbonate, 25 mM Hepes (pH 7.4) on ice,
min, 1 mM ATP and an ATP-regenerating system consisting and 25 mM dithionite (final concentration) was added for 5
of 10 mM creatine phosphate and 100 IU creatine kinase/ min. After extensive washing, the lipids were extracted
mL were added (all from Calbiochem, Bad Soden, Germany). according to Bligh and Dye2(l). All aqueous solutions were
Isotonicity (150 mM NaCl and 5.8 mM NEIPO,/NaH,POy) acidified to 20 mM acetic acid and extracted twice with
was established by addition of 10-fold concentrated salt chloroform. Control cells not treated with dithionite were
solution. The pH was adjusted to 7.4 by addition of NaOH. subjected to lipid extraction together with their incubation
After 5 min, cells were resealed by incubation at°&7for medium allowing thereby analysis of fluorescent lipid
45 min. Resealed ghosts were collected by centrifugation atmetabolism. After two-dimensional separation (I, chloroform/
2500@ for 10 min and washed twice with ice-cold PBS. methanol/ammonium hydroxide/water (90:54:5.5:5.5, vol/

The pellet was stored at 4C. vol); Il, chloroform/acetone/methanol/acetic acid/water (50:
Cell Culture Fibroblasts.Gingival human fibroblasts,  20:10:10:5, vol/vol)] on Silica Gel 60 thin-layer plates
originally from B. Zimmermann (Freie Universit@8erlin, (Merck, Darmstadt, Germany), the fluorescent lipid spots

Germany), were maintained at 3Z in DMEM/F 12 medium were visualized under a ultraviolet lamp, scraped, and
supplemented with 2 mM glutamine, 50 mg/L ascorbic acid, quantitated as described befol), The relative amount of
105 units/L of penicillin, 100 mg/L of streptomycin, 2.5 mg/L NBD-—lipid present in the dithionite-treated sample (%
amphotericin B, and 10% (vol/vol) fetal calf serum (all from protected) was calculated as a percentage of the total amount
Biochrom KG, Berlin, Germany). Cells were grown on TC present in a control sample not treated with dithionite. When
Chamber Slides with two chambers (Nunc, Biochrom KG, internalization of analogues was followed by microscopy,
Berlin, Germany) for microscopy and in 35-mm-diameter analogues oriented to the exoplasmic leaflet were removed
tissue culture dishes for other analyses. For ESR experimentsby incubation of cells for 10 min on ice with 6% BSA in
cells were detached using trypsin and resuspended in Hank'sHank’s solution. This procedure was repeated once. In
balanced salt solution without bicarbonate, supplementedaddition, to destroy fluorescence of residual analogues still
with 10 mM Hepes (pH 7.4), 20 mM glucose, and 1 mM confined to the exoplasmic leaflet, cells were incubated for
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5 min with dithionite (25 mM, final concentrationP2).
Fluorescence microscopy was performed with an inverse
standard Zeiss microscope (Oberkochen, Germany) equipped
with fluorescence facility, Planapo 100/1.3 numerical aper-
ture, and the following barrier filter set: BP 450 to 490 106
excitation filter, FT 510 dichroic mirror, and LP 515 emission

filter (Carl Zeiss, Oberkochen, Germany). Photographs were a
taken using Kodak Ektachrome Panther P1600 films which ,,.v-.f’-"l [ J

were push-processed to 3200 ASA.
Analysis of the DataData of redistribution kinetics were

recalculated and plotted according to

ho — h(t)

y(t) = Thy b

where hy is the amplitude of the ESR signal or the _//\Jf"”_"

fluorescence intensity at time zero ahdhe amplitude at
timet. The experimental curves were fitted to the following
equation:

y(t) = y{[1 — exp(=k®)] c

This implies two opposite first-order reactions wkh= k;
+ ko (k andk, are the rate constants of the inward and
outward movement, respectively) and

ko, 100—vy,
. Y« Ficure 1: ESR spectra of SL diester PC (a) and diether PC (b) at
. . ._a concentration of 5aM in buffer. The narrow peaks in spectrum
V‘{'th Yx be'”g,th? percentage of analogue on the CytOplasm'ca are due to probes tumbling freely in water, while the broad
side at equilibrium. _ component underneath corresponds to micelles. In the case of
Thus,k = yxk/100 andty, = (In 2)/k, while tsee, = 1/k In diether spin-labels (spectrum b) the monomers are at a concentration
Yulyx — 50. too low to be visible by ESR which is indicative of a cmc much

Miscellaneous Procedure$mall unilamellar egg phos- below 1u4M. Spectrum ¢ was obtained after incorporation of diether

hatidvicholi icl Si Dei hof G PC in human red blood cells. The spectrum of the diester PC in
phau .y_c oline vesicles (. |_gma, eisenno en, ermany) red blood cells (not shown) is very close to that of the diether PC.
containing 1 mol % NBD-lipid were prepared in PBS by

sonication for 30 min at 2C with a Branson sonifier 250  yerjyvatives, can be used to label the exoplasmic leaflet of
(Danbury; duty cycle 70%, output control 2) equipped with - p;5|0gical membranes without requiring the help of a transfer
a m|crot|p. The accessibility ofdlthlonltg to the NBiipids protein. Figure 1c shows the line shape change in the case
located in both leaflets of the vesicle membrane was qf the diether SL-PC molecule incorporated into human red
determined as described for ghosts by Pomorski e28). ( plood cells. The spectrum is very close to that obtained with
RESULTS the diester analogue (not shown). If BSA is added to the
labeled erythrocytes, the probes can be extracted, and the
Spin-Labeled Analogues in ErythrocyteAs reported line shape of the probe attached to BSA is rather similar to
previously SL diester PS and PC molecules possessing ahat of the probe in the membrane as is the case with the
shortsn2 chain with a nitroxide and a lorg+1 chain form diacyl PC and PS24). On the other hand, the more
micelles with a cmc in the range 16-10¢ M (19, 23). hydrophobic character of the diether analogues makes it
This property enables one to label cell membranes with thosenecessary to use higher concentration of BSA to efficiently
probes without requiring a phospholipid exchange protein extract the probes from the erythrocyte exoplasmic leaflet.
or BSA. In particular, they spontaneously incorporate into We found that for a membrane suspension corresponding to
the exoplasmic leaflet of human erythrocytes. This can be approximately 1 mM of lipid a 4 min incubation on ice in
demonstrated by ESR spectroscopy. In water, these spinthe presence of 6% (w/v) BSA was necessary. By compari-
labels give rise to a single broad line due to the s{@pin son, 1% BSA is sufficient to extract the diester analogues
interactions within the micelles. Three very narrow lines completely from the exoplasmic leaflet of RBC within 1 min
corresponding to the monomers in the aqueous solution areon ice.
superimposed over the broad line (see Figure 1a). In the case Figure 2A shows the kinetics of outsidaside movement
of the diether spin labels, the water solubility is diminished. at 37 °C of the three analogues of PS, diacyl, alkgkyl,
As a result, the concentration of monomers is too weak to and dialkyl, after incorporation in human erythrocytes. The
see the spectral component due to monomers (Figure 1b)three molecules reach the same plateau corresponding to
This indicates that the diether probes with a stearyl chain in approximately 90% of analogues on the cytoplasmic leaflet.
the sn1 position have a cmc probably below “T0M. However, while the diacyl and the alkyhcyl flip practically
Nevertheless, these probes, and the corresponding NBDwith the same ratetj, around 3 min (see Table 1)], the
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Ficure 2: Transmembrane redistribution of SL analogues in human
red blood cells at 37C. (A), SL-PS analogues: diester PS (filled

circles); ether-ester PS (hollow circles); diether PS (filled squares);

diether PS in ATP-depleted cells (hollow squares). Redistribution

Fellmann et al.

flip of diether PC (only shown for ATP depletion in Figure
2B). In the experiments involving diacyl or alkyl-acyl spin-
labeled lipids presented in Figure 2, cells were incubated
with DFP, an inhibitor of the endogenous phospholipase A
which cleaves off the short SL fatty acid in tee-2 position
(19). As a result, only a very small fraction of the probes
were hydrolyzed: less than 3% of the spin-labeled PS after
1h.

Fluorescent Analogues in Liposomes and Erythrocyte
Ghosts.The redistribution of fluorescent phospholipid ana-
logues initially incorporated into the exoplasmic leaflet of
resealed ghosts was determined by the dithionite assay. In
this assay, the NBD moiety of those NBIphospholipid
analogues present in the outer membrane leaflet is reduced
and its fluorescence destroyed. As the analogues flip to the
cytoplasmic monolayer, an increasing fraction of analogue
becomes protected to dithionite. The applicability of the
dithionite assay was confirmed in experiments on sym-
metrically labeled lipid vesicles containing either diacyl or
diether NBD-lipids (data not shown). No difference in the
kinetics of fluorescence reduction between both analogues
was observed. This suggests a similar orientation of the NBD
group in the membrane. Since reduction of the NBD moiety
by dithionite is rather slow at 3C, all further experiments
using dithionite were done at 1.

ATP-containing ghosts were labeled with NBphos-
pholipid analogues and incubated at 3. Analogue
redistribution was assessed by the dithionite assay. Again,
kinetics of NBD reduction by dithionite was similar for
diester and diether analogues exposed on the outer layer
(Figure 3) providing additional indication for an identical
orientation of the NBD group in membranes. A slow

was measured also in cells pretreated with NEM (1 mM), and gave redistribution of the various NBBPC analogues to the

the same curve than in the absence of ATP. (B) SL-PC analogues

diether PC (filled squares); cells preincubated with 1 mM NEM
(hollow triangles); ATP depleted cells (hollow squares). Data are

‘cytoplasmic leaflet was found and is shown only for diether

NBD—PC in Figure 4. We observed no significant difference

plotted as percentage of analogues on the cytoplasmic leaflet. Theof the transbilayer movement between the diether and the
curves are fitted to an exponential function by least-squares diester NBD-PC (not shown). However, in agreement with
nonlinear regression. The results shown are for one representativeprevious results, a fast inward translocation of diester NBD

series of experiments.

Table 1: Parameters of Spin-Labeled Phospholipids Translocation
in Human Red Blood Cells at 37T

% cytoplasmic

leaflet, at k t12 1500

nd  equilibrium (min~1)b (min) (min)
diacyl PS 3 85t 4 0.30+ 0.03 23 3.0
alkyl-acyl PS 2 90+ 3 0.20+ 0.03 35 41
dialkyl PS 4 90+ 2 0.017+0.001 41 48
dialkyl PC* 2 17+ 2
dialkyl PS+NEM°¢ 1 18
dialkyl PS— ATP® 1 22

an, number of experiments?Simulations assuming first-order
kinetics. Data are given as averagiesd for n experiments®Results
obtained afte4 h incubation.

dialkyl PS has a much slower transbilayer movement (
around 40 min). The incorporation of the diether PS is

PS was found with a steady-state distribution in the
cytoplasmic monolayer of about 70% for diester NBPS
(Figure 4). As we have previously shown, in ghosts resealed
without ATP, the fast inward translocation of diester NBD
PS disappeared and its redistribution was similar to that of
diester NBB-PC (0). Remarkably, we did not observe such
a fast translocation of the diether NBIPS in ATP-
containing ghosts; its redistribution was only slightly faster
than that of the diether NBBPC (Figure 4) or diester
NBD—PC (not shown).

Since the diether NBBPS is relatively poorly transported
by the aminophospholipid translocase, one may wonder if it
is a potent inhibitor for spin-labeled diester or diether PS
transport in erythrocytes. If such were the case, it would be
a usful tool to characterize this protein in various native and
reconstituted membranes. Therefore, we have carried out
experiments to look at the influence of diether-NBBS on

nevertheless ATP dependent, and its translocation is inhibitedthe translocation of SL-PS in RBC. Experiments carried out
by NEM, indicating that the aminophospholipid translocase at 25°C, a temperature which was selected in order to slow
is very likely to be involved. The flip of diether PS after the inward directed transport of SL-PS, we have not been
ATP depletion (Figure 2A) or NEM treatment (not shown) able to detect any difference in the kinetics of SL-PS
is characterized by the same slow speed as that of the diethemternalization in the presence of 3 or 6% diether-NBES

PC analogue (Figure 2B). Incubating the cells with NEM or or in the absence of diether NBEPS (data not shown).
depleting them from ATP has no significant effect on the These results suggest that diether NBBS binds poorly to
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Ficure 5: Internalization of SL lipid analogues into human
B - fibroblasts. Cells in suspension were labeled with diester SL-PS
100 ] (circles), diether SL-PS (squares), diester SL-PC (triangles down)
diether NBD-PS and diether SL-PC (triangles up) in human fibroblasts arG7
- (hollow symbols). For the two PS analogues redistribution was also
measured at 20C (filled symbols). Experiments were done in the
absence of DFP (for hydrolysis, see Results). Analogues on the
exoplasmic leaflet were extracted by BSA and their amount
measured by ESR (see Materials and Methods). Data are plotted
as percentage of analogues on the cytoplasmic leaflet. Data
corresponding to 37C are fitted to an exponential function by
least-squares nonlinear regression. The results shown are for a
representative experiment of two independent experiments.

80

% non-accessible

==
0 60 120 180 240 300 360 in erythrocytes. From the ESR data with the ethester SL
time (s) analogue, we know that trsn-2 position is likely to be the

Ficure 3: Reduction of the NBD moiety of the diacyl (A) and crucial position.

diether (B) NBD-PS analogues in human erythrocyte ghosts after . -
various times of labeling. Resealed ghosts with 1 mM ATP were  SPin-Labeled Analogues in Fibroblase have measured

labeled with fluorescent analogues and incubated 3 7After the inward redistribution of SL diester as well as diether
various time aliquots were taken and incubated &C4in the phospholipids in the plasma membrane of fibroblasts at 37
presence of 50 mM dithionite. To determine the amount of analogue o (Figure 5). To this end, fibroblasts were suspended and

residing on the cytoplasmic leaflet the slow decline of the . : :
fluorescence was extrapolated to titrre O graphically. Those data labeled as described in the Materials and Methods. Both PS

can be replotted as a function of time (see Figure 4 in the case of@nalogues disappeared rapidly from the exoplasmic leaflet

erythrocyte ghosts). For details, see Materials and Methods. of the plasma membrane. However, the inward movement
‘ ' ‘ of the diester PS analogue was more efficient in comparison
100 1 to that of the diether PS analogue. After 15 min, more than
- 90% of the diacyl PS analogue and about 70% of the diether
£ 8or | analogue redistributed to the cytoplasmic leaflet.
‘Té el We can preclude by two reasons that the rapid inward
£ movement of both analogues is mainly caused by the
3 ol endocytic route. First, different to the PS analogues, the PC
2 analogues were internalized at a much slower rate with no
® 20l significant difference between the diester and the diether
analogues. Presumably, a main pathway of internalization

of the PC analogues at 3T is endocytosis18). If the
endocytic route would be responsible also for the internaliza-

0 ! : ! .
0 30 60 9 120 150 180

time (min) tion of PS analogues, we should not expect a difference
FiGURe 4: Transmembrane redistribution of diester NBBS between PC and PS analogues. Second, we found also rapid
(circles), diether NBB-PS (squares), and diether NBIPC internalization of the PS analogues at°2Q) which was only

(triangles) in resealed ghosts containing ATP and an ATP regen- _,. - . .
erating system at 37C (see Materials and Methods). Before Slightly slower in comparison to that at 3T. This argues

labelling, DFP was added at a final concentration of 5 mM. againstan internalization via endocytosis, since the endocytic
Redistribution was measured by selective destruction of NBD activity at 20°C of fibroblasts is significantly reduce@%).

fluorescence on the exoplasmic leaflet using dithionite. The curves : . . .
are fitted to an exponential function by least-squares nonlinear Experiments presented .m Figure 5 Wer%' done Ir.] the
regression. Note that at time-zero a small fraction of fluorescent adsence of DFP. After 30 min, about 9 and 11% of SL diester

analogues is already located on the cytoplasmic leaflet due to PS became hydrolzyed at 20 and 37, respectively (not
labeling and washing procedure before starting the incubation at shown). Hydrolysis of SL diacyl PC was lower. After 30
37 °C. The results shown are for a representative experiment of i only 4% became hydrolyzed at 3T. As expected, no
two independent experiments. . . ; ’

destruction of the diether analogues was found. Notably, we
the aminophospholipid translocase. In conclusion, an etherhave already shown previously that DFP did not affect
bond can affect recognition and/or translocation of the translocation of diester phospholipid analogues in human
respective PS analogue by the aminophospholipid translocaséibroblasts (8).
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100 [ ‘ ] In conclusion, the efficient internalization of the PS
analogues compared to the slow internalization of the PC
analogues suggests that the diether PS, similar to its diacyl
counterpart, is internalized by the action of the aminophos-
pholipid translocase, the activity of which has been already
demonstrated in fibroblastd &, 27).

Fluorescence Microscopy of Fibroblast Monolayer Cul-
tures. Microscopic studies were carried out to characterize
on a qualitative basis the internalization of the phospholipid
= analogues (NBB-phospholipids) after their insertion into the
0 10 20 30 40 50 60 exoplasmic leaflet of the plasma membrane. This approach
also enables one to differentiate between transbilayer move-
FiGure 6: Internalization of NBB-lipid analogues into human ments and uptake by the endocytic route. When human
fibroblasts at 20°C. Cells on tissuepculture pgiates were labeled flbrqblasts were incubated for 30 min at@ with the dl_ester
with diester NBD-PS (circles), diether NBBPS (squares), diester ~ OF diether fluorescent analogues of PS or PC, their plasma
NBD—PC (triangles down), and diether NBIPC (triangles up), membrane became highly fluorescent. This labeling pattern
washed at 2C and incubated for the indicated times at 20 remained unchanged when the cells were maintained at that

Experiments were done in the absence of DFP (for hydrolysis, see|qyy temperature. Back-exchange to BSA resulted in a

Results). The fraction of internalized analogues was assessed by . .
extraction of analogues from cells upon treating them with dithionite complete removal of both diester analogues (PS, PC), while

to reduce the NBD moiety of analogues in the exoplasmic leaflet for the diether probes, significant fluorescence remained
(see Materials and Methods). The results shown are for a repre-associated to the plasma membrane. Apparently, BSA has a
sentative experiment of two independent experiments. lower efficiency to extract the diether species from the
exoplasmic leaflet of the plasma membrane (see Materials
Fluorescent Analogues in Fibroblastsigure 6 shows the  and Methods). Indeed, when dithionite was added, which
internalization of the fluorescent phospholipid analogues of cannot easily permeate membranes of fibroblastS&t @28,
PS and PC in human fibroblasts as a function of time at 20 28), and destroys NBD f|u0rescean2L no remaining
°C. To assess the redistribution of the analogues, aliquotsflyorescence was found at the plasma membrane nor in the
of labeled cells were incubated at various times with cell interior, indicating that all analogues were confined to
dithionite at 2°C for 5 min, and the |Ip|dS were extracted the exop|asmic leaflet of the p|asma membrane &t 2
and separated by two-dimensional TLC followed by quan- When labeled ana]ogues were incubated at°@0 all
tification as described in the Materials and Methods. The different NBD ana|ogues were internalized with patterri of
analogues of diester and diether PS became rapidly protecteghtracellular fluorescence depending on the nature of the
against dithionite, although the diether NBBS was  phospholipid headgroup. The aminophospholipid analogues
internalized at a slower rate than dlacyl NBBS. After 20 appeared rap|d|y in the Cytoso| and Spread over the whole
min at 20°C, about 70% of the diester PS and 20% of diether cell interior within 30 min. After back-exchange to BSA and
PS was not accessible to dithionite. In contrast to the treatment with dithionite at 2C, a homogeneous distribution
aminophospholipid analogues, the bulk of diester and dietherof diacyl and diether NBB-PS through the cytosol was
NBD—PC was accessible to dithionite even after prolonged observed (Figure 7) Indeed, once the ana|ogue has moved
incubation. After 40 min at 20C, only about 7% of both  to the cytoplasmic leaflet of the plasma membrane, it can

% Probe inner leafelt
F [2] [o:]
o o o

N
o
T

time (min)

diester and diether NBBPC were internalized. redistribute to intracellular membranes as found for diester
For incubation times above 20 min, we observed a slow NBD—aminophospholipids by diffusion and/or other, perhaps
decrease of the amount of internalized diester NBTS. protein-mediated mechanismks( 27).

Thin-layer chromatography revealed that, in the absence of In contrast, for fibroblasts labeled with diester or diether
DFP, the diacyl analogues were hydrolyzed into lyso NBD—PC and incubated at 2UC, most of the analogues
derivates and free NBBfatty acid, consistent with previous  remained confined to the plasma membrane. After back-
results (6, 18, 26). The amount of liberated free fluorescent exchange to BSA and treatment with dithionite, both PC
fatty acid from diester NBB-PS and NBB-PC was up to analogues were only detected in intracellular fluorescent spots
20 and 1%, respectively, after 60 min at ZDwhich, in the indicative of an internalization by the endocytic pathway.
case of diester NBBPS, accounts for the observed decrease No bright labeling of the cytoplasm by PC analogues as
of the amount of internalized analogue. Indeed, such afound for the PS analogues was detected (Figure 7).
decrease was not found if fibroblasts were pretreated with

DFP (5 mM). In that case, the amount of internalized DISCUSSION
analogue reached a plateau of about 80% after 40 min of In this article, we have investigated whether the substitu-
labeling (not shown). In that case, hydrolysis was almost tion of the ester linkage between fatty acids and the glycerol
neglibile (<5%) for both diacyl analogues even 60 min after backbone by ether bonds affects the transbilayer redistribu-
labeling. Lipid analysis also revealed that during the incuba- tion of labeled PS and PC molecules in the plasma membrane
tion, up to 7% of the diacyl NBBPS had been converted of human erythrocytes and fibroblasts. The purpose is to
to the corresponding PE derivative while the diacyl PC obtain more information on what part of PS is recognized
analogue was not subjected to headgroup modifications.by the aminophospholipid translocase and, additionally, to
Diether analogues were subjected neither to hydrolysis determine if the more stable diether derivatives can be used
nor to headgroup modifications during the incubation at 20 as probes in studies dealing with lipid trafficking within
°C. eukaryotic cells.
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Ficure 7: Comparison of the internalization of diether NBPS (upper photograph) and diether NBBC (lower photograph) from the
plasma membrane of human fibroblasts at’@0 Cells on chamber slides were labeled for 30 min &€2Cells were then washed and
incubated for 30 min at 2€C to allow internalization of the lipid. To reduce the amount of fluorescence at the plasma membrane, the cells
were back exchanged and treated with dithionite &€ see Materials and Methods). Bar corresponds t@ra0

We have found that the presence of the ether bond on theflop as well as lipid trafficking %, 6, 27, 30). Yet, these
sn1 position has no major influence on the rate of translo- results raise the question of the relevance of labeled
cation as shown for erythrocytes. This is in agreement with phospholipids with one short chain. Obviously, these mol-
former studies where plasmalogen transport was tested inecules have severe chemical modifications associated with
human erythrocytes20). However, substitution of the acyl  the probe itself (an oxazolidine ring or a bulky NBD group).
chain by an alkyl one on then2 position does slow the  Furthermore, the water solubility is enhanced compared to
transport of the SL derivative of PS and blocks the transport that of normal long-chain phospholipids due to the shoi2
of the NBD derivative in erythrocytes. Nevertheless, the chain. However, by modifying stepwise different parts of
fluorescent diether PS derivative is selectively transported the substrat, it is possible to evaluate which structural features
in fibroblasts indicating that diether probes can be used to are crucial 19). In fact, there is ample evidence to show
investigate translocase activity in nucleated cells. that the part of the molecule recognized by the aminophos-

Both spin labels and NBD analogues of naturally occurring pholipid translocase is primarily the phospholipid headgroup,
phospholipids have been used successfully in erythrocyteswhile the nature of the fatty acid chains has only little effect
as well as in various nucleated cells to elucidate lipid flip- on the selectivity. Thus, providing one is interested first in
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comparisons between different headgroups, such probes caiether PS (or PC) on the other hand is perfectly stable and
give valuable information. This does not imply that rates of does not suffer from this drawback.

translocation of naturally occurring long-chain phospholipids ~ The lower solubility of the diether lipids used in the present
are identical to those measured here. That an NBD groupstudy, i.e., with a stearyl chain in the-1 position, makes
causes a less efficient transport of aminophospholipid it slightly more difficult to label a membrane and signifi-
analogues by the aminophospholipid translocase than acantly more difficult to extract the probes from a membrane
nitroxide ring approximately at the same position of $ne with BSA and, thus, to perform a back exchange experiment
chain is not surprising. We have demonstrated already that(see Materials and Methods section). This is particularly true
the presence of the bulky NBD slows down the translocation in the case of the NBD derivatives as indicated in the Results.
of the diester PS and that diester NBBE is not transported ~ However, the dithionite technique can be used, which allows
in erythrocytes 16). On the other hand, we showed also that a quantification of the distribution of fluorescence between
in nucleated cells, such as fibroblasts, the same NBids the two leaflets of a plasma membrane. Furthermore, the low
are transported in an ATP-dependent fashion from the water solubility can be circumvented by using slightly shorter
exoplasmic to the cytoplasmic monolayer of the plasma fatty acid in thesn-1 position. We are presently synthesizing
membrane, revealing that the aminophospholipid translocaseother diether analogues witin-1 chains of variable length
activity is less efficient in erythrocytes than in nucleated cells in order to determine the optimum length for technical
(18, 31, 32. applications.
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