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Proton Nuclear Magnetic Resonance Study of the Decay of 
Transbilayer Compositional Asymmetry Generated by a 
Phosphatidylcholine Exchange Protein? 

J. Michael Shaw, William C. Hutton,$ B. R. Lentz,s and T. E. Thompson* 

ABSTRACT: Transbilayer compositional asymmetry was 
generated in single-lamellar vesicles formed from -N(CD3)3 
egg phosphatidylcholine by incubation with erythrocyte ghost 
membranes in the presence of a purified phosphatidylcholine 
exchange protein prepared from beef liver. In a series of ex- 
periments, between 50 and 85% of the -N(CD3)3 phospha- 
tidylcholine in the external face of the bilayer vesicles was 
replaced by -N(CH3)3 phosphatidylcholine from ghost 
membranes after a 24-h incubation at 37 OC. Proton N M R  
studies utilizing Pr+3 as a shift reagent showed that 82 to 89% 
of the exchanged -N(CH3)3 phosphatidylcholine was found 
on the external face of the vesicle wall. The decay of the 
transbilayer compositional asymmetry by exchange migration 

T h r e e  approaches have been utilized for measuring trans- 
bilayer migration of phosphatidylcholine in small, single- 
lamellar vesicles. Spin-labeled phosphatidylcholine has been 
incorporated into phosphatidylcholine vesicles and the outer 
bilayer spin-label paramagnetism abolished with ascorbate 
(Kornberg and McConnell, 1971). The rate of accessibility to 
external ascorbate of the remaining spin label initially on the 
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of -N(CH3)3 and -N(CD3)3 phosphatidylcholines, as fol- 
lowed by NMR spectroscopy over a 5-day period at 23 OC, was 
shown to be a slow process with a half-time of 26 days. The 
half-times consistent with f l  standard deviation were 16 and 
69 days. Appropriate controls established the integrity of the 
vesicles throughout the 5-day period. The cholesterol content 
of the erythrocyte ghost membranes used to prepare the 
asymmetric vesicles was reduced 40 to 60% by prior incubation 
with phosphatidylcholine vesicles. During preparation of the 
asymmetric vesicles, spontaneous cholesterol movement from 
the cholesterol-depleted ghosts resulted in final cholesterol 
concentrations in the asymmetric vesicles of between 5 and 16 
mol %. 

inner bilayer surface suggested a half-time for transbilayer 
equilibration of spin label as short as 6.5 h at 30 “C. Second, 
a chemical-labeling technique has been utilized in which the 
outer monolayer phosphatidylethanolamine present in phos- 
phatidylcholine vesicles is converted to its amidine derivative 
by reaction with isethionyl acetimidate. Transbilayer move- 
ment of the unreacted inner monolayer phosphatidylethano- 
lamine, measured with 2,4,6-trinitrobenzenesulfonic acid, 
showed the half-time to be greater than 80 days at 22 OC 
(Roseman et al., 1975). A third approach introduced by 
Johnson and co-workers (1975) and by Rothman and Dawi- 
dowicz (1 975) employed a phosphatidylcholine exchange 
protein to generate a compositional asymmetry of isotopically 
labeled phospholipid in a vesicle bilayer. The subsequent 
“exchange-out” kinetics of the labeled phospholipid was used 
to establish the half-time for the transbilayer equilibration of 
this lipid. Johnson and co-workers (1975) reported a half-time 

4156 B I O C H E M I S T R Y ,  V O L .  1 6 ,  N O .  1 9 ,  1 9 7 7  



D E C A Y  O F  T R A N S B I L A Y E R  C O M P O S I T I O N A L  A S Y M M E T R Y  

of 4 to 15 days at 37 OC, while Rothman and Dawidowicz 
(1975) showed that the half-time must be greater than 11 days 
at  this temperature. 

In this paper, we report the determination of the kinetics of 
transbilayer lipid migration in vesicles by a new procedure 
utilizing N M R  spectroscopy and vesicle compositional 
asymmetry generated by a phosphatidylcholine exchange 
protein. The basic design of the experiment is as follows. Using 
the beef liver exchange protein, phosphatidylcholine from 
normal erythrocyte ghost membranes is incorporated into the 
outer bilayer surface of vesicles formed from egg phosphati- 
dylcholine which has the N-methyl protons completely re- 
placed by deuterium. Since the N-methyl deuterons do not give 
rise to a proton NMR signal in the spectrometer operating at 
100 MHz, only the resonance line of the N-methyl protons 
exchanged into the surface of the vesicle is seen. The associa- 
tion of these protons with externally or internally located 
phosphatidylcholines can be established by the introduction 
into the vesicle dispersion of the impermeant paramagnetic ion 
Pr+3. When this is done, most of the N-methyl proton signal 
is shifted downfield. If aliquots of this asymmetric vesicle 
system are then examined in the NMR spectrometer as a 
function of time, both in the absence and presence of Pr+3, the 
appearance of internalized phosphatidylcholine with proton- 
ated N-methyl groups can be readily detected. Preliminary 
accounts of this study have been presented elsewhere (Shaw 
et al., 1977; Thompson, 1977). 

Materials and Methods 
Preparation of Phosphatidylcholine and Phosphati- 

dylethanolamine. Both phosphatidylcholine and phosphati- 
dylethanolamine were isolated and purified from hen egg yolks 
using two-step silicic acid (Silicar CC-4, Mallinckrodt) column 
chromatography (Litman, 1973). An alumina column was 
employed to remove any lysophosphatidylethanolamine from 
the silicic acid purified phosphatidylcholine (Singleton et al., 
1965). The purified phospholipids were washed with an ethy- 
lenediaminetetraacetic acid-ethylene glycol-bis($amino ethyl 
ether)-N,N'-tetraacetic acid mixture (pH 7.2) as described 
by Suurkuusk et al. (1976). Both phospholipids were passed 
through Teflon filters (0.2 pm fluoropore, Millipore) for re- 
moval of any residual silicic acid and then precipitated two 
times from spectral grade chloroform with spectral grade ac- 
etone. The purified phospholipids were stored at -20 OC under 
argon in spectral grade chloroform. 

Preparation of -N(CD3)3 Phosphatidylcholine. Phos- 
phatidylcholine, enriched in the N-methyl group with deute- 
rium (greater than 99%), was prepared by two methods. (1) 
Phosphatidic acid was prepared by phospholipase D (Cabbage, 
Sigma) treatment of egg phosphatidylcholine (Dawson and 
Hemington, 1967). Choline deuterated in the N-methyl group 
was synthesized from 0.45 mL of redistilled ethanolamine and 
4 g of CD31 (Merck and Co.) dissolved in-1 5 mL of methanol 
and maintained at pH 11 for 2 days at room temperature. After 
removal of solvent under reduced pressure, the residue was 
extracted with ethanol/ether (1:l) and the crystals of choline 
iodide were collected by filtration. Conversion of choline iodide 
to the acetate form has been described by Sears et al. (1976). 
The [*H]choline acetate and phosphatidic acid were condensed 
in the presence of 2,4,6-triisopropylbenzenesulfonyl chloride 
(Aneja and Chadha, 197 1) and purified by silicic acid column 

' Abbreviations used are: PC, phosphatidylcholine; -N(CH3)3 phos- 
phatidylcholine, phosphatidyl [methyl-Hlcholine; -N(CD3), phospha- 
tidylcholine, phosphatidyl[methyl-*H]choline; EDTA, ethylenedia- 
mi netetraacetic acid; Tris, 2-amino-2-hydroxymethyl-1,3-propanediol. 

and applied to an alumina column followed by subsequent 
elution with increasing concentrations of methanol in chloro- 
form. The resulting phosphatidylcholine was shown to be free 
from phosphatidyl-N,N-dimethylethanolamine by using the 
thin-layer chromatography system chloroform/methanol/ 
acetic acid/water (25:14:4:2). Phosphatidyl[methyl-2H]- 
choline prepared in the above manner was a gift of Dr. Charles 
F. Schmidt of this laboratory. Proton NMR spectra of vesicles 
chromatography. (2) -N(CD3)3 phosphatidylcholine was also 
prepared by the methylation of phosphatidylethanolamine with 
CD31 in the dark as described by Stockton et al. (1974). The 
chloroform/methanol phase was removed under reduced 
pressure and the reactant lipids were dissolved in chloroform 
of -N(CD3)3 phosphatidylcholine prepared by both proce- 
dures were identical. No resonance arising from -N(CH3)3 
protons was detectable. 

Preparation of [3H]Phosphatidylcholine. Phosphatidyl- 
[methyl-3H]choline was prepared from phosphatidic acid 
derived from egg phosphatidylcholine and [methyl-3H]choline 
acetate (Aneja and Chadha, 1971) and purified as described 
above. [palmit~yl-~H]Pho~phatidylcholine derived from rat 
liver was a gift of Dr. Y. Barenholz. [~leoyl-~H]Phosphat i -  
dylcholine was synthesized as described by Cubero Robles and 
Van den Berg ( 1969) from L-a-glycerophosphorylcholine 
prepared from egg phosphatidylcholine (Chadha, 1970), oleic 
acid (K salt), and [3H]oleoyl anhydride (Selinger and Lapidot, 
1966). Dipalmitoylphosphatidyl [methyl- 14C]choline was 
purchased from New England Nuclear. 

Isolation and Purification of Phosphatidylcholine E x -  
change Protein. A phosphatidylcholine exchange protein was 
isolated from 6 lb of beef liver as described by Kamp et al. 
(1973). Several modifications in the work-up included the 
utilization of 0.1 mM dithiothreitol in place of 0.01 M mer- 
captoethanol in the various buffers and a partial concentration 
step after the CM-52 column using a Bio-fiber 50 beaker 
(Bio-Rad) and further concentration in a dialysis bag against 
70% sucrose. The initial volumes from separate exchange 
protein preparations were 240 or 295 mL following the CM-52 
column. The final concentrated volumes were 67 or 53 mL, 
respectively. The concentrating steps did not result in aggre- 
gation of the protein as described by Kamp et al. (1973). The 
column dimensions when starting with 6 lb of beef liver were 
4 X 45 cm (diethylaminoethylcellulose-52, Whatman), 2.8 X 
44 cm (carboxymethylcellulose-52, Whatman), and 3 X 95 cm 
(Sephadex G-50). The volume applied to the Sephadex G-50 
column represented no more than 2 to 3.5% of the column 
volume. The exchange protein was stored at -20 "C as the 
appropriate fractions from the Sephadex G-50 column diluted 
1/1 with cold glycerol. Exchange protein was assayed after 
exhaustive dialysis against 10 mM Tris-0.1 M KCl, pH 7.4, 
and in the presence of 0.1-0.2 mg/mL bovine serum albumin 
(Rothman and Dawidowicz, 1975). For routine assay of the 
exchange protein, a slight modification of the procedure de- 
scribed by Rothman and Dawidowicz (1975) was utilized. 
Erythrocyte ghosts (150 pL) (350 pg of protein and 60 nmol 
of phosphatidylcholine) were placed in a centrifuge tube. To 
this tube was added 250 to 650 pL of 10 mM Tris-0.1 M KCl, 
pH 7.4,50 pL of 100 pg of bovine serum albumin (Sigma), 100 
pL of egg phosphatidylcholine vesicles (40 nmol of phosphorus) 
containing either phosphatidylcholine (600 000 dpm/pmol) 
with the nonexchangeable marker ['4C]cholesterol oleate 
(50-60 pCi/pmol) (New England Nuclear) or tri- 
oleoyl[~4C]glycerol (30-60 pCi/pmol) (Amersham/Searle) 
representing less than 0.5 mol % of the vesicle composition, and 
50 to 400 p L  of exchange protein or column fraction. Column 
fractions were also assayed after dialysis against 10 mM 
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Tris-0.1 M KC1, pH 7.4. The assay suspensions (1 mL total 
volume) were vortexed and capped under an argon atmosphere 
and assayed a t  37 O C .  The reaction was stopped by centrifu- 
gation a t  15 OOOg for 15 rnin in a Type 50 Beckman rotor. The 
ghost pellet was washed one or two times with buffer and fi- 
nally measured for radioactivity in a Beckman LS-230 scin- 
tillation counter. The transfer of radioactivity to ghost was 
calculated by subtracting the “dpm of phosphatidylcholine 
transferred” in the absence of exchange protein from the “dpm 
of phosphatidylcholine transferred” in the presence of ex- 
change protein using the following equation: dpm of phos- 
phatidylcholine transferred = dpm of phosphatidylcholine in 
ghosts - (dpm of nonexchangeable marker in ghosts X (dpm 
of phosphatidylcholine/dpm of nonexchangeable marker) in 
original vesicles). One unit of exchange protein is defined as 
the initial rate of exchange of 1 nmol of phosphatidylcholine/ 
min a t  37 OC. 

The purified exchange protein was labeled with lZsI using 
chloramine-T (Moore et al., 1974). It was shown to be ap- 
proximately 90% homogeneous and to have an apparent mo- 
lecular weight between 20 000 and 25 000 by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (Moore et al., 
1976). We are grateful to Dr. Norman Moore, Unit of Inver- 
tebrate Virology, Oxford University, Oxford, England, for 
performing the 1251 labeling and electrophoresis. It is also 
significant that the dialyzed exchange protein did not mea- 
surably perturb the bilayer of phosphatidylcholine vesicles 
containing carboxyfluorescein (Weinstein et al., 1977). N o  dye 
was released over a 6-h incubation a t  37 OC (Shaw, unpub- 
lished results). 

Preparation of Erythrocyte Ghosts. Erythrocyte ghosts were 
prepared from outdated human blood by the method of Han- 
ahan and Ekholm (1974). The ghosts were depleted of ap- 
proximately 40 to 60% of their cholesterol by incubation with 
an excess of egg phosphatidylcholine vesicles using 25 pmol 
of vesicle phosphorus/pmol of ghost cholesterol (Shaw and 
Thompson, manuscript in preparation). The resulting cho- 
lesterol-depleted ghosts were washed with a large excess of 10 
mM Tris-0.1 M KC1-1 m M  EDTA-O.O2%NaN3, pH 7.5, and 
for most experiments pelleted through a 20% buffered sucrose 
solution and again washed with buffer. 

Preparation of Vesicles. Single-lamellar vesicles were 
prepared by the procedure of Huang and Thompson (1974) 
in 10 m M  Tris-0.1 M KCI, pH 7.4-7.6, a t  4 “ C  using a Heat 
Systems W-350 Sonifier. Small vesicles were separated from 
large vesicles by high-speed centrifugation (Barenholz et al., 
1977). 

Preparation of Compositionally Asymmetric Vesicles. 
Cholesterol-depleted ghost suspensions containing 100-300 
mg of protein and 45 to 100 pmol of total phosphatidylcholine 
in 35 to 41 mL of 10 m M  Tris-0.1 M KC1-1 m M  EDTA- 
0.02% NaN3, pH 7.5, were incubated with 0.8 to 3.4 mL of 10 
to 20 pmol of -N(CD3)3 phosphatidylcholine vesicles (in 10 
mM Tris-0.1 M KC1, pH 7.5) in the presenceof 85 to 115 units 
of dialyzed exchange protein (21 to 29 mL). The depleted 
ghosts used in these experiments contained high levels of 
phosphatidylcholine, as a result of “fusion” of egg phospha- 
tidylcholine vesicles to the ghosts during the cholesterol de- 
pletion (Shaw and Thompson, manuscript in preparation). All 
buffers were saturated with argon and the 10 m M  Tris-0.1 M 
KC1-I m M  EDTA-0.02% NaN3, pH 7.5, accounted for 65 
to 75% of the total buffer voliime. Incubations were carried out 
under argon in sealed containers with stirring a t  37 O C  for 12 
h. At this point an additional 60 to 90 units of dialyzed ex- 
change protein (1 7 to 28 mL) was added and the reaction 
continued for another 12 h. An identical assay was carried out 

in the absence of exchange protein. Total volumes in three 
separate experiments varied from 81 to 97 mL. After 24 h the 
assay suspensionswere either centrifuged twice for 20 min a t  
26 OOOg for removal of all erythrocyte ghosts (preparation I)  
or overlayed on top of 20% sucrose- 10 m M  Tris-0.1 M KCI- 1 
m M  EDTA-0.02% NaN3 solutions and centrifuged in a 
SW-27 rotor a t  25 000 rpm for 90  rnin (preparation 11). The 
supernatant from preparation I and the layer above the sucrose 
pad in preparation I1 were concentrated using an Amicon 
diaflo apparatus with XM-50 filter. At this point some of the 
samples were either (1) further centrifuged for 30 min a t  
126 OOOg for removal of any vesicle aggregates, (2) passed 
through a Sepharose 6B column and again concentrated by 
Amicon filtration, or (3) maintained without centrifugation 
or column treatment. Next the vesicle solutions were exhaus- 
tively dialyzed against 50 m M  KC1 in 99.8% D2O (Bio-Rad). 
After dialysis, vesicle samples were placed in sealed containers 
fitted with a Teflon slide valve through which dry argon was 
flushed for about 5 min each day. Samples were incubated in 
the dark a t  23 “C in a desiccator containing D20 and examined 
over a 9-day period by N M R  spectroscopy. 

N M R  Spectroscopy. Measurements were performed a t  23 
OC using a JEOL PS-lOOP/EC- 100 Fourier transform spec- 
trometer a t  100 MHz for proton and 40.5 MHz for 31P. For 
proton experiments the dynamic range problem caused by the 
residual HDO solvent was eliminated using a (1 80°-7-90”- T )  
pulse sequence (Pat and Sykes, 1972). Typical values for 7 and 
T were 0.95 and 1.05 s, respectively. These values were chosen 
such that the N-methyl proton intensities were not significantly 
weakened. Typically, 600 to 2000 transients were required for 
adequate signal to noise ratios. The 90° pulse width was 30 ks. 
Peak areas representing the inner and outer monolayer signals 
were determined by planimetry or by weighing cutout tracings. 
Phosphorus N M R  spectra were recorded as previously de- 
scribed (Yeagle et al., 1976). 

Vesicle samples containing 1 to 7 mM phosphorus were 
examined before and after the addition of PrC13 (Alfa Ven- 
tron). The Pr+3/phosphatidylcholine mole ratio varied from 
0.05 to 0.35. High Pr+3/phosphatidylcholine mole ratios 
(0.5-1 .O) were necessary when certain samples contained 
approximately 0.5 mg of protein, identified mainly as albumin 
(incubation component, see Materials and Methods). In this 
case the was scavanged by the protein so that free 
Pr+3/phosphatidylcholine mole ratios were probably much 
lower. Some turbidity was observed a t  the higher ratios. 
However, the ratio of outer to inner bilayer surface phospha- 
tidylcholine did not vary as a function of P r f3  concentration. 
The majority of the results for outside/inside ratios reported 
here were obtained a t  a Pr+3/phosphatidylcholine mol ratio 
of between 0.15 and 0.25. For 3 1 P N M R ,  the Pr+3/phospha- 
tidylcholine mole ratio varied from 0.01 to 0.03. 

Miscellaneous Methods. Phosphorus was determined by 
the method of Bartlett (1959) on aqueous lipid dispersions or 
after Bligh and Dyer extraction (Bligh and Dyer, 1959). 
Cholesterol was measured using cholesterol oxidase by a 
modification of the procedure of Allain et al. (1974). Protein 
was determined by the method of Lowry et al. (1951). Seph- 
arose 6B chromatography was performed using 2 X 23 cm 
columns after preequilibration of the column with -N(CDx)1 
phosphatidylcholine vesicles. 

Results 
Proton N M R  of Asymmetric Vesicles. The transfer of 

phosphatidylcholine between erythrocyte ghosts and single- 
lamellar vesicles by the exchange protein used in these studies 
has been examined by Rothman and Dawidowicz (1975) and 
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I 

0 J 

-200 Hz- 

F I G U R E  1: Proton NMR spectra of -N(CD3)3 phosphatidylcholine 
vesicles in  50 mM KCI in DzO after incubation at  37 OC with partially 
cholesterol-depleted erythrocyte ghosts in the presence (upper spectra) 
or absence (lower spectra) of a phosphatidylcholine exchange protein. The 
vesicles ofspectra A were 5-7 mM in  phospholipid and contained 14-16 
mol % cholesterol and 0 .3  to 0.5 mg of protein/bmol of total lipid. Vesicles 
given in spectra B contained 2 mM phospholipid, 5-7 mol % cholesterol, 
and 0.2 mg of protein/Kmol of total lipid. 

by Bloj and Zilversmit (1 976) under several sets of conditions. 
However, in order to obtain maximum precision in the deter- 
mination of the kinetics of transbilayer lipid migration by the 
present technique, it was necessary to establish an initial 
transmembrane lipid asymmetry which was as large as possi- 
ble. The conditions utilized to accomplish this, which are 
outlined under Materials and Methods, were established in 
pilot experiments using [3H]phosphatidylcholine. Based on 
these experiments, it can be estimated that between 50 and 85% 
of the -N(CD3)3 phosphatidylcholine in the outer surface of 
the vesicle was replaced by -N(CH3)3 phosphatidylcholine 
at  the end of the incubation with the exchange protein. A 
similar degree of replacement (56-82%) was calculated by 
comparing the intensity of the N(CH3)3 proton N M R  signal 
relative to the combined intensities of the methyl-methylene 
proton signals in the asymmetric vesicles to the same ratio 
obtained for vesicles comprised only of -N(CH3)3 phospha- 
tidylcholine. 

Figure 1 shows the proton N M R  spectra from two experi- 
ments in which -N(CD3)3 phosphatidylcholine vesicles were 
incubated with cholesterol-depleted ghosts in the presence and 
absence of exchange protein. These spectra are high-resolution 
signals typical of small vesicles. The slightly broadened 
methyl-methylene signals and the somewhat reduced intensity 
of the methylene signal are due to the cholesterol in the vesicles 
(Darke et al., 1972). The data in Figure 1A were obtained in 
an initial series of experiments with vesicles containing 14-16 
mol % cholesterol derived by spontaneous transfer from cho- 
lesterol-depleted ghosts during incubation with the phospho- 
lipid exchange protein. In subFequent experiments (Figure 1 B) 
the cholesterol content in the isolated vesicles reached a level 
of only 6 mol %. This was accomplished by using depleted 
ghosts containing less than 50% of their normal cholesterol 
content . 

The N-methyl proton signal in the presence of exchange 
protein amounts to about 84% (Figure 1A) and 91% (Figure 

5 4 3 2 1 0 
PPm 

FIGURE 2: The effect of Pr+3 on the -N(CH3), phosphatidylcholine 
transferred to -N(CD,)3 phosphatidylcholine vesicles after incubation 
with a phosphatidycholine exchange protein and partially, cholesterol- 
depleted erythrocyte ghosts A and B. The outside monolayer N-methyl 
protons (shifted by Pr+3) and inside monolayer N-methyl protons signals 
are labeled. The sample shown in spectrum A contains 2.3 mM phospho- 
lipid, 7 mol % cholesterol, 0.2 mg of protein/pmol of total lipid and has 
a Pr+3/PC mol ratio of 0.19. The vesicles in spectrum B contain 4.6 mM 
phospholipid, 16 mol % cholesterol, 0.5 mg of protein/wmol of total lipid, 
and have a P P 3 / P C  mol ratio of 0.80. Spectrum C is obtained from egg 
-N(CH& phosphatidylcholine vesicles examined at a Pr+)/PC mol ratio 
of0.12. 

1 B) of the signal found in the absence of exchange protein as 
estimated on the basis of signal intensity normalized to the 
combined methyl and methylene intensities. The N(CH3)3 
signal (lower spectra, Figure 1) observed after incubation 
without exchange protein may be due to spontaneous move- 
ment of -N(CH3)3 phosphatidylcholine from ghost to ves- 
icles. Spontaneous migration of phospholipids has in fact been 
observed between vesicles and retinal rod outer segment disk 
and vesicular stomatitis virus preparations (Shaw, Smith, and 
Litman, unpublished results; Shaw, Moore, and Patzer, un- 
published results). It seems unlikely, however, that spontaneous 
phosphatidylcholine exchange is the explanation, since the 
N(CH3)3 signal observed in the absence of exchange protein 
is eliminated by broadening, but not shifted by Pr+3. If the 
signal were due to N(CH3)3 protons on the external bilayer 
surface, the interaction with P s + ~  would be expected to shift 
the signal downfield without broadening. In addition, control 
experiments have been performed by incubating -N(CH3)3 
phosphatidylcholine vesicles separately with 10 mM Tris-0.1 
M KC1-0.02% sodium azide-] mM EDTA, pH 7.5, buffer, 
purified exchange protein or bovine serum albumin. After 
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FIGURE 3: The N-methyl region of -N(CH3)3 phosphatidylcholine in 
-N(CD3)3 phosphatidylcholine vesicles from Figure 2. The spectra shown 
in  A and B are the outside-inside N(CH3)3 regions from Figure 2A,B, 
respectively. 

isolation of vesicles as described under Materials and Methods, 
no abnormal broadening effect or change in the outside/inside 
ratio of the N(CH3)3 proton signal after Pr+3 was observed. 
It seems most likely that the signal observed in the absence of 
exchange protein is due to the presence of material originating 
from the ghost membrane. 

Determination of Compositional Asymmetry. When W3, 
a lanthanide to which the vesicle bilayer is impermeable, is 
added to the vesicle dispersion, N(CH3)3 protons on the outer 
surface of the bilayer are shifted downfield. The N(CH3)3 
protons on the inner surface, which cannot interact with the 
Pr+3, are unshifted. This is illustrated by the spectra of vesicles 
shown in Figure 2A,B which were obtained following incu- 
bation with exchange protein. The ratio of outer to inner mo- 
nolayer -N(CH3)3 phosphatidylcholine is 4.6 in experiment 
1 ,  shown in Figure 2B, and 8.1 in experiment 2, shown in 
Figure 2A. It is clear that highly asymmetric bilayers can be 
generated with the exchange protein under the conditions 
employed in this study, since a ratio of 2.1 would be expected 
if the labeled phosphatidylcholine were equally distributed 
between both bilayer surfaces (Hutton et al., 1977; Israe- 
lachvili et al., 1976). 

It is interesting to note, however, that the asymmetry is 
apparently not complete. In both experiments a small but finite 
N(CH3)3 signal remains unshifted in the presence of Pr+3. This 
signal was present at the first time point for NMR examination 
and most likely occurred during the 24 h incubation period. We 
do not consider the unshifted signal to be the result of spon- 
taneous transbilayer movement. This unshifted signal may 

0.44 I 

1 2 3 4 5 6  - 1 

TIME (DAYS) 

FIGURE 4: Decay of transbilayer asymmetry of --N(CH3)3 phosphati- 
dylcholine in ---N(CD3)3 phosphatidylcholine vesicles generated by a 
phosphatidylcholine exchange protein. Cholesterol-depleted erythrocyte 
ghosts, --N(CD3)3 phosphatidylcholine vesicles, and a phosphatidyl- 
choline exchange protein were incubated at 37 "C for 24 h. The vesicles 
were 'isolated from the supernatant after low-speed centrifugation 
(26 OOOg) of the reaction mixture or after being overlayed on top of a 20% 
sucrose solution followed by centrifugation at  25 000 rpm (SW-27 rotor). 
Vesicles were examined after Arnicon concentration, or further processed 
by high-speed centrifugation (1  26 OOOg) or Sepharose column chroma- 
tography (see Methods). The various vesicle samples were dialyzed against 
seven changes of 50 mM KCI in DzO then incubated at  23 'C under argon. 
Aliquots were taken over a 5-day period and examined by NMR in the 
presence or absence of Pr+3. The percentage of inner and outer monolayer 
-N(CH3)3 phosphatidylcholine after Pr+3 addition was measured and 
expressed as the outside/inside ratio. The expression on the ordinate of 
the figure can be found in the text. The slope was fitted using linear re- 
gression by the method of least squares. The open (0) and filled (0 )  circles 
represent data from separate experiments. 

have one of several origins. (1) It could in principle be the signal 
observed in the absence of exchange protein as seen in the lower 
spectra of Figure lA,B. This seems highly unlikely, since this 
signal is completely broadened by low concentrations of Prt3 
as pointed out above. (2) A more likely possibility is that, 
during incubation of the vesicles with the exchange protein, 
some internalization of -N(CH3)3 phosphatidylcholine ac- 
tually occurred. A number of obvious mechanisms for inter- 
nalization suggest themselves, including perturbation of the 
bilayer by the exchange protein and limited vesicle fusion. (3) 
A possible but less likely explanation is that the unshiftable 
signal arises from the outer vesicle surface from N(CH3)3 
protons which are for some reason masked from interactions 
with Pr+3. Experiments are currently in progress to establish 
the origin of this small unshiftable signal. 

Kinetics of Transbilayer Phospholipid Migration. En- 
largements of the spectra shown in Figure 2 A,B are presented 
in Figure 3. Using enlarged spectra of this type, changes in the 
inner and outer surface N(CHJ3 proton spectra resulting from 
transbilayer migration have been determined by peak area 
measurements over a 5-day period at 23 OC. If it is assumed 
that the kinetics of transbilayer movement of phosphatidyl- 
choline is reversible first order (Kornberg and McConnell, 
1971), then the following equation obtains: 

Here R denotes the ratio of the number of molecules of - 
N(CH3)3 phosphatidylcholine in the outer surface to that in 
the inner surface of the vesicle bilayer. The subscripts t and 
eq denote, respectively, time and equilibrium. The t o  value 
represents a time point immediately after the 24-h incubation. 
The outside/inside ratio at to  was estimated from a log plot of 
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INSIDE 

TABLE I:  Vesicle Suspensions Examined during the NMR Experiment.O 

Vesicles after Vesicles after 
low-speed centrifugation high-speed centrifugation Vesicles from 

(1 5 OOOg) (1 27 OOOg) Sepharose 6B 

Phosphatidylcholine 2.32 pmol/mL, 90% 1.83 pmol/mL, 92% 1.2 pmol/mL, 92% 
Cholesterol 0.19 pmol/mL, 7.3% 0.10 pmol/mL, 5.1% 0.07 pmol/mL, 5.1% 
Sphingomyelin plus 0.07 pmol/mL, 2.7% 0.05 pmol/mL, 2.7% 0.04 pmol/mL, 2.8% 

Protein 0.5 mg/mL 0.4 mg/mL 0.2 mg/mL 

See Figure 4 for incubation conditions and isolation of vesicles. 

phosphatidylethanolamine 

1 1  

the outside/inside ratios of the vesicles vs. time. The equilib- 
rium value of R was taken to be 2.0. ko and ki are the rate 
constants for transbilayer equilibration from inner to outer 
surface and the converse. Thus 

k i  
PCO e PCi 

ko 

where PCo and PCi are the number of molecules of -N(CH3)3 
phosphatidylcholine in the outer and inner bilayer surfaces. 

The half-time for transbilayer migration given by 2 1 7 2  = 
0.693/(ko + k , )  can be obtained from the slope of a plot of 

1% [(E%)* - ( E x q ]  

( i d r o -  (Sdeq 
vs. time. The derivation of this equation is analogous to the 
treatment presented by Kornberg and McConnell(l97 1). The 
data plotted in this manner in Figure 4 give a half-time of 26 
days. The possible half-times consistent with f l  standard 
deviation in the slope of this line are 16 and 69 days. The pri- 
mary sources of error involved in calculating the half-time are 
the signal to noise ratio and the inconsistency in establishing 
baselines. These difficulties are apparent in Figure 3. 

Vesicle Composition and Integrity. Although before incu- 
bation with exchange protein and erythrocyte ghosts the ves- 
icles were composed of pure -N(CD3)3 phosphatidylcholine, 
after incubation the presence of other lipids was detected. The 
compositions of several vesicle suspensions after incubation 
are given in Table I. It is apparent that the principal contam- 
inant is cholesterol contributed by the cholesterol-depleted 
ghosts by spontaneous exchange. Very small amounts of 
sphingomyelin (< 2%) plus phosphatidylethanolamine (< 2%) 
were also detectable. This level of sphingomyelin was not 
sufficient to cause a measurable error in the estimation of the 
amount of -N(CH3)3 phosphatidylcholine in the system. 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
showed that the low levels of protein present in the vesicle 
suspensions were due almost entirely to albumin added during 
the incubation with exchange protein. It is also important to 
note that extraction of the vesicle suspension followed by 
thin-layer chromatography on silicic acid on the 8th day of the 
experiments revealed no trace of lysophosphatidylcholine. This 
material was, however, detectable in the vesicles after 8 
days. 

Since it is obvious that the decrease with time of the ratio 
of PCo/PCi could be an artifact due to loss of vesicle integrity, 
it was important to assess this parameter throughout the time 
course of N M R  examination. This was done in several ways. 
The impermeability of the vesicle population to Pr+3 was as- 
sessed after a 5-day period by determining the ratio of inten- 
sities of 31P resonances in the outer and inner bilayer faces in 

A 

OUTSIDE 
pc - 1 I - PC 

n 

1500Hz-( 

FIGURE 5: 31P NMR of -N(CD3)3 phosphatidylcholine vesicles in the 
presence (A) or absence (B) of Pr+3. Single-lamellar vesicles, representing 
24 pmol of -N(CD3)3 phosphatidylcholine (1.5 mL), were incubated with 
1 mL of 3.5 mg of protein of erythrocyte ghosts (0.6 pmol of PC and not 
depleted of cholesterol), 3 mL of 10 mM Tris-0.1 M KCI-1 mM 
EDTA-0.02% NaN3, pH 7.5, 100 pL of 200 pg of bovine serum albumin, 
and 1 mL of dialyzed phosphatidylcholine exchange protein, representing 
12 units. The total volume was 7.2 mL. After 21 h at 37 OC, the incubation 
was centrifuged at 17 OOOg and the supernatant recentrifuged. After 
Amicon concentration, the vesicles were dialyzed seven times against 50 
mM KCI in DzO and then incubated at 23 OC under argon and examined 
by 31P NMR after a 5-day period. The outside monolayer phosphatidyl- 
choline (shifted by Pr+3) and inside monolayer phosphatidylcholine signals 
are labeled. The final percentage of cholesterol in the phosphatidylcholine 
vesicle suspension was 1.6 mol %. 

control vesicle dispersions. Figure 5 shows the 31P N M R  
spectra of control vesicles with and without added Pr+3. The 
ratio of the signals arising from 31P in the outer to inner bilayer 
surface calculated from this data is 1.9. In addition, this ratio 
remained unchanged over a period of 6 h in the presence of 
PP3.  Thus, not only did the vesicles in the absence of Pr+3 
remain impermeable to this ion over a 5-day period, but they 
remained impermeable in the presence of the ion over a period 
of 1 or 2 h which is the duration of most proton N M R  mea- 
surements. Furthermore, the 31P N M R  spectrum after 5 days 
was consistent with a small vesicle population with 65% of their 
phosphate groups exposed to Pr+3 on the outer surface. The 
vesicle suspensions upon assay revealed a cholesterol level of 
1.6 mol %. Similar experiments on control vesicles comprised 
of -N(CH3)3 phosphatidylcholine completely substantiated 
these results. In addition, no significant changes in absorbance 
ratios measured in the region 300 to 400 nm were detected over 
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TABLE 11: Half-Times for Transbilayer Migration of Phospholipids and Phospholipid Analogues in Single-Bilayer Vesicles. 

Duration 
Mole- of 
cule Temp the 

System Method t l , 2  studiedf ("C) expt 

( I )  Egg phosphatidylcholine vesicles Exchange protein plus shift 26 days" PC 23 5 days 

(2) Dioleoylphosphatidylcholine vesicles Exchange protein > I  1 P C  37 5 d a y s  

Rat  liver phosphatidylcholine vesicles 4-15 P C  37 2days  

reagent 

daysb 

days 
(3) Egg phosphatidylcholine vesicles Spin-label reduction 6.5 hd  S-PC 30 5 h 
(4) Egg phosphatidylcholine/phosphatidylethanolamine/ Chemical titration >80 P E  22 12days 

amidinoylphosphatidylethanolamine days' 

This report. Rothman and Dawidowicz (1975). Johnson et al. (1975). Kornberg and McConnell (1971). e Roseman et al. (1975). 
f Abbreviations: PC, phosphatidylcholine; S-PC,  spin-labeled phosphatidylcholine; PE, phosphatidylethanolamine. 

the 5-day period. Furthermore, phosphatidylcholine vesicles 
which were utilizea to deplete cholesterol from erythrocyte 
ghosts were also tested for sidedness with Pr+3, and routinely 
revealed outside to inside ratios of 1.8 to 2.0. The cholesterol 
concentration in these vesicles varied from 5 to 10 mol %. 
Therefore, several experiments which vary in the quantity of 
ghost, vesicle, or exchange protein utilized support the con- 
tention that the vesicles are not leaky to Pr+3. 

It should be noted that under the conditions of the experi- 
ment some evidence for a loss of vesicle integrity was detect- 
able. This became quite apparent after N M R  examination on 
day 8. For this reason, the time course of the transbilayer mi- 
gration experiments was limited to 5 days. 

Discussion 
Table I1 compares the results obtained in this study (1) with 

the available literature values for the half-time of transbilayer 
lipid migration in single-bilayer vesicles. The results obtained 
by Johnson and co-workers (1975) and by Rothman and 
Dawidowicz (1975), listed as entry 2 ,  were obtained with 
compositionally asymmetric vesicles formed by action of the 
exchange protein. In this respect, these experiments and ours 
are similar. However, although Johnson and co-workers were 
able to obtain evidence for transbilayer migration, the half- 
times reported by Rothman and Dawidowicz are lower limit 
values set by the precision of the data. The duration of the 
experiments given in column 6 shows that, although the 
Johnson experiments were of relatively short duration ( 2  days), 
the Rothman-Dawidowicz experiment is of the same duration 
as ours. It should be noted here that the limitation of the 
Johnson and co-workers and Rothman-Dawidowicz type of 
experiment is the assumption that the two kinetically defined 
pools of ['4C]phosphatidylcholine are in fact located on op- 
posite faces of the vesicle bilayer. This limitation is overcome 
in our experimental design. With this design, sidedness of the 
vesicle system is established by Pr+3 shiftability, an operational 
definition which is independent of kinetic parameters. 

Examination of all of the results in Table I1 suggests that 
the value of t 1p N 6.5 h determined by ascorbate reduction 
of spin-labeled phospholipid is probably too small. It seems 
clear that transbilayer lipid migration in simple bilayer vesicles 
is a slow process. The half-time for the exchange of chemically 
distinct species of phospholipids (Table 11, entry 4), as deter- 
mined by the study of Roseman and co-workers (1975), is in 
excess of 80 days. The self-exchange of identical lipid molecules 
across the bilayer may be a somewhat faster process, as sug- 
gested by the results of the study reported herein. I t  will be 
interesting to examine the dependence of these two processes 

on parameters such as temperature and bilayer composi- 
tion. 

It would also be of interest to examine how the net move- 
ment of cholesterol affects the asymmetry of phosphatidyl- 
choline transferred into vesicles by the exchange protein. In  
our studies, for example, the unshifted signal of Figure 2A 
represents 11% of the -N(CH3)3 signal and the vesicles 
contain 5 to 7 mol % cholesterol. In contrast, the vesicles of 
Figure 2B show an unshifted signal representing 18% of the 
-N(CH3)3 signal and contain 14 to 16 mol % cholesterol. 
Unfortunately, the origin of the unshifted inner monolayer 
-N(CH3)3 signal after incubation for 24 h with exchange 
protein is not immediately clear and no definitive conclusions 
can be drawn. Presumably, the cholesterol exchanged into 
these vesicles is located in the outer monolayer and no signif- 
icant increase in the size of the vesicles has occurred (see Re- 
sults). Cholesterol reportedly does not undergo rapid trans- 
bilayer movement in vesicles (Poznansky and Lange, 1976), 
although recent work indicates that cholesterol transbilayer 
movement in erythrocyte membranes occurs on the order of 
minutes to hours (Lange et al., 1977). 

Measurement of transbilayer movement of phosphatidyl- 
choline or its analogues in biological membranes has revealed 
half-times which vary from minutes to days depending upon 
the technique utilized and/or the membrane examined. For 
example, the spin-label technique originally introduced by 
Kornberg and McConnell has recently been examined by 
Rousselet et al. (1976a,b). These workers found the values for 
transbilayer movement when using ascorbate reduction to be 
on the order of 4 and 7 h in mitochondrial inner membrane and 
human erythrocyte membrane, respectively, when the spin 
label was located on the acyl chain. When an endogenous 
component2 served to reduce the polar head-group spin-labeled 
phosphatidylcholine with ensuing measurement of transbilayer 
movement, the half-time became undetectable for the eryth- 
rocyte membrane. In addition, introduction of acyl-chain 
spin-labeled phosphatidylcholine into inner mitochondrial 
membrane particles via the exchange protein revealed after 
ascorbate reduction half-times greater than 25 days. I t  would 
appear from these studies that the placement of the nitroxide 
radical and/or the method for reduction should be carefully 
considered, especially in view of the rather rapid half-times 
(minutes) suggested for transbilayer movement of spin-labeled 
phospholipids in certain biological membranes (Grant and 
McConnell, 1973; McNamee and McConnell, 1973). Nev- 

Glutathione, an endogenous component of  mitochondria and eryth- 
rocytes, has been suggested as the reductant (Rousselet et al., 1976a). 
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ertheless, exchange experiments with the phosphatidylcholine 
exchange protein and erythrocyte ghosts (Bloj and Zilversmit, 
1976) and phospholipase digestion of 32P-labeled external 
phospholipid in rat erythrocytes (Renooij et al., 1976) each 
have revealed half-times for transbilayer movement between 
2 and 6 h. The transbilayer movement of phosphatidylcholine 
in biological membranes may in fact be more rapid than in 
single-bilayer vesicles. 
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