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S U M M A R Y  

I. I H - N M R  and 3~p-NMR are used to measure the outside/inside distribution 
of phospholipids in mixed vesicles. 

2. Ferricyanide is a suitable shift reagent for measuring the outside/inside ratio 
of lecithin using 1H-NMR even when the phospholipid mixture contains negative 
lipids. 

3. 31p-NMR can be used to measure the distribution of all phospholipids 
present provided the resonances are separated. 

4. At 36.4 MHz the inside and outside phosphorus in lecithin vesicles have 
different chemical shifts. The separation at room temperature is 4-5 Hz and the 
individual linewidths are about 4Hz. 

5. In a mixture of  lecithin with phosphatidylethanolamine the latter has prefer- 
ence for the inside layer of the bilayer. The same holds for mixtures of  lecithin with 
phosphatidylserine, phosphatidylinositol and phosphatidic acid. 

6. In mixtures of lecithin and phosphatidylserine the preference of the latter for 
the inside is increased at lower pH under which conditions the negative charge of the 
phosphatidylserine is decreased. 

7. In mixtures of lecithin with sphingomyelin the lecithin has a higher con- 
centration at the inside. 

8. The effect of vesicle size on the 3 t p -NMR linewidth and the temperature 
dependence of this linewidth is in agreement with the conclusion of Berden et al. 
(FEBS Lett. (1974), 46, 55-58) that the chemical shift anisotropy, modulated by the 
isotropic tumbling of the vesicles, makes a contribution to the linewidth. The chemical 
shift difference between outside and inside phosphorus can be used as a parameter for 
the measurement of  the packing density at the inside and of the size of the vesicles. 

9. It is concluded that both charge and the packing properties of the headgroup 
are major factors in determining the distribution of phospholipids in mixed vesicles. 

* Present address: Laboratory of  Biochemistry, University of  Amsterdam, B.C.P. Jansen Insti- 
tute, Plantage Muidergracht 12, Amsterdam, The Netherlands. 

** Present address: Institute for Physiological Chemistry, University of  Munich, Goethestrassc 
33, Munich, G.F.R. 
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INTRODUCTION 

The asymmetry of biological membranes has been known for some time. 
Recently it has been demonstrated that not only the protein components have a 
unique distribution across the membrane but also the phospholipids are distributed 
asymmetrically [1, 2]. Litman has reported an asymmetric distribution of the phos- 
pholipids in vesicles comprised of phosphatidylcholine (lecithin) and phosphati- 
dylethanolamine [3]. The experiments of Michaelson et al. showed that in vesicles 
containing lecithin and phosphatidylglycerol the charged component has a preference 
for the outside of the bilayer [4]. This, together with some theoretical calculations 
[5], leads to the suggestion that the charge in the phospholipid headgroup is of 
primary importance in determining lipid distribution in mixed bilayers. We have 
already reported that in certain situations this is not necessarily so [6]. Here we report 
detailed studies which demonstrate that many negative lipids behave differently from 
phosphatidylglycerol and therefore the charge is only one of the factors that have to 
be taken into account. Furthermore our 3~p-NMR linewidths data show that 31p_ 
NMR is a more useful technique in studying phospholipid bilayers than could be 
expected previously. 

MATERIALS AND METHODS 

Egg yolk lecithin, egg yolk phosphatidylethanolamine, phosphatidylserine and 
phosphatidylinositol were purchased from Lipid Products, Nutfield, U.K. Sphingomy- 
elin, phosphatidic acid and dipalmitoyllecithin were obtained from Koch-Light 
Laboratories, Colnbrook, U.K. All lipids were used without further purification. 

Cobaltous chloride, EDTA and potassium ferricyanide were obtained from 
Fisons, Loughborough, U.K.; praseodymium oxide (used for preparing praseody- 
mium chloride) from Koch-Light, Trizma Base from Sigma, St. Louis, U.S.A.; 2H20 
from Ryvan, Southampton, U.K. and Sepharose 4B from Pharmacia, Uppsala, 
Sweden. All chemicals were analar grade. 

Preparations of vesicles were made by sonicating phospholipid suspensions in 
2H20 (containing acetate or Tris-2HC1) for 20-30 rain with a Dawe soniprobe, 
power level 3, under a stream of nitrogen. The sample was kept in an ice-water bath 
to prevent the temperature rising above 30--40 °C except in the case of the mixture of 
synthetic fl,7-dipalmitoyl L-(3)lecithin and sphingomyelin. Thin-layer chromatography 
was used to check the absence of significant amounts of degradation products after 
sonication. 

The use of ferricyanide as shift reagent in concentrations up to 300 mM did 
not affect the chemical properties of the phospholipids. The number of double bounds 
in the fatty acid chains was not affected, the Klein oxidation index [7] did not change 
and also thin-layer chromatography did not reveal any new components. 

IH-NMR was done at 270 MHz, using a Bruker spectrometer operating in the 
Fourier Transform mode. The spectrometer was interfaced with a Nicolet 1085 
computer and equipped with a temperature control device. 2H20 was used for an 
internal lock. 

31p-NMR was done at 36.43 MHz, using a Bruker HX 90 spectrometer, 
equipped with a Nicolet B-NC 12 computer, a temperature control device, broad 
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band proton noise decoupling and deuterium lock. The instrument was operated 
exclusively in the Fourier Transform mode. 

All N M R  experiments on vesicles were done on samples in 2 H 2 0 .  The given 
p2H values are derived from the measured pH values by the addition of 0.4. For the 
3~ P -NMR measurements of lipid extracts the dried extract was suspended in 2H20 
medium containing 1 mM EDTA, sonicated and then dissolved in a one phase 
solvent (water, methanol and chloroform). From this solution the lipid was extracted 
in chloroform. For the measurement the sample tube was inserted in a wider tube 
containing 2HzO for the internal lock system. 

Except for the synthetic/~,7-dipalmitoyl L-(3)lecithin and sphingomyelin mix- 
ture, all vesicle preparations were kept at 4-5 '~'C, also during the chromatography 
over Sepharose 4B. 

R E S U L T S  

The use o f  ferricyanide as shiJ? reagent 
When egg yolk lecithin is sonicated small vesicles are formed which can be 

fractionated on a Sepharose 4B column according to the method of Huang [8]. A 
typical 1H-NMR spectrum of lecithin vesicles is shown in Fig. 1. The resonance of' 
the - N  + (CH3) 3 group is slightly asymmetric, supposedly due to the different chemical 
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p-O-CH z- -CHz'N ~ "NM 2- -CH~ 
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Fig. 1. ~ H - N M R  spectra o f  egg lecithin vesicles (p2H 7.4) in the absence and  presence o f  150 m M  
po tass ium ferricyanide. The  low-field part  o f  the spectrum,  conta in ing  the H2HO and the - H C = C  
resonances,  has  been left out.  
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Fig. 2. IH-NMR spectrum of egg lecithin vesicles containing 150 mM potassium ferricyanide in 
the trapped volume. After sonication in the presence of ferricyanide the sample was fractionated over 
a Sepharose 4B column, free of ferricyanide. Fraction 19 (cf. Figs. 3 and 4) was used for the given 
spectrum. 

shifts of these groups on the outside and inside of the bilayer. (In the spectrum shown 
this shift difference is less clearly visible than in the spectra reported by Kostelnik 
and Castellano [9] because of artificial broadening due to exponential multiplication 
of the free induction decay to improve signal/noise.) That the two types of signal 
arise out of the positions of the -N + ( C H 3 )  3 groups is confirmed by the observation 
that on addition of an anionic "shift reagent", potassium ferricyanide [10], to the 
outside medium, the position of only the larger resonance is shifted (Fig. 1). To 
assign the shifted resonance as being due to groups on the outside of the vesicles we 
have to substantiate two assumptions. The first is that the reagent does not produce 

TABLE I 

tl VALUES OF PROTONS IN LECITHIN VESICLES IN THE PRESENCE OF 150 mM POTAS- 
SIUM FERRICYANIDE AT 270 MHz AND 20 °C 

Group tl Value (msec) 

Unfractionated Fraction 16 
dispersion 

-N  + (CHa)a outside 250 240 
- N  + (CH3)3 inside 300 270 
- C H 2 - N  outside 280 
- C H 2 - N  inside 300 
-CH2-COO 370 -- 
-CH2-C= 400 420 
-(Clr[2)n- 460 440 
-CHa  650 650 
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any chemical change in the lipid. This is demonstrated by the fact that the effect is 
immediate after the addition of the ferricyanide and has no time dependence up to 
several days. Also, analysis of  the lipid failed to detect any new components after the 
completion of the experiments. The second assumption, that the reagent does not 
penetrate the bilayer, is borne out by the following observation: when a lecithin 
suspension is sonicated in the presence of ferricyanide and the untrapped reagent 
is removed by fractionation on Sepharose 4B only the "'inside" resonance is shifted 
(Fig. 2) (and somewhat broadened). Even after two days no leakage is observed. 
Moreover, the ratio of  the two resonances (shifted/non-shifted) is 1/1.9 2.0 in Fig. 2 
in comparison with the value of 1.9 in a similar fraction with ferricyanide added at the 
outside (Fraction 19 in Fig. 4). 

The advantage of ferricyanide as a shift reagent is that it causes only slight 
broadening and little effect (10-20 3o) on the spin lattice relaxation time tj [10]. (The 
broadening observed when the reagent was sonicated with the lipids (Fig. 2) may be 
due to a change in the coordination of the Fe 3+ on sonication as evidenced by a 
slight colour change in the reagent.) Since the tt relaxation times of the inside and 
outside -N+(CH3)3  resonances are nearly identical (see tl values given in Table I), 
the areas under the respective peaks in the presence of ferricyanide can be used as a 
measure of  the proportions of the - N  + (CH3) 3 groups in the two positions even under 
conditions where the delay time between subsequent pulses in the N M R  experiment 
is somewhat less than 5 times tl. Comparison of t h e - N  + (CH3)3 peaks with the area 
under the end -CH3  resonances, however, is not valid under these conditions since 
the -CH3  protons have a longer t~ (see Table I) and their magnetization is less fully 
recovered at the start of  the subsequent pulse. 

Size distribution o/'lecithin bilayer vesicles 
When egg yolk lecithin vesicles are fractionated on a Sepharose 4B column the 

data obtained from the elution profile, phosphate analysis and electron microscopy 
are similar to those reported [11 ] and show that under the given sonication conditions 
no multilayer structures or very large vesicles survive. The high resolution I H-NMR 
spectra of  the various fractions are similar and the linewidths of  the most intense 
resonances are identical over the whole range of vesicle sizes. Only the linewidth of 
the --(CHz),-resonance deviates significantly in the two extreme fractions, Fractions 
10 and 23 (Fig. 3). Since these two fractions together contain very little phospholipid 
( ~  2 ');i) the result shows that the spectrum of the unfractionated sample is the same 
as that of one of the main fractions containing a homogeneous population of vesicles. 

Using the peak areas under the - N  + (CH3) 3 resonances in the presence of ferri- 
cyanide the ratio of outside/inside headgroups for the different fractions can be 
obtained (Fig. 4). The indicated error limits are inversely related to the concentration 
of  lipid in each fraction. In the same figure is plotted the calculated average vesicle 
size for each fraction. This size is calculated from the outside/inside ratio assuming 
that the packing density is the same on both sides of  the bilayer and that the thickness 
of  the bilayer is 37 ~ [12]. It can be seen that beyond Fraction 16 the size does not 
decrease very much and in this region the mean outside/inside ratio is 1.9, a ratio that 
is only slightly higher than the value observed for an unfractionated sample ( 1.8-1.85). 
Although the diameters calculated are in reasonable agreement with those derived 
from gel filtration, sedimentation or trapped volume experiments, and with those 
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Fig. 3. Linewidth of proton N M R  resonances of egg lecithin vesicles in the presence of 150 mM 
potassium ferricyanide. The sonicated sample was fractionated using a Sepharose 4B column in 
20 mM acetate, p2H 7.4. Fraction 10 represents the void volume. 
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Fig. 4. Distribution of lecithin among the outside and inside layers of egg lecithin vesicles. For  
Fraction 10 (void volume) the ratio outside/inside was immeasurable. For the other fractions the 
ratio outside/inside was obtained from the IH-NMR spectrum in the presence of 150 mM ferricya- 
nide. The percentage error limits were calculated as twice the inverse of the signal/noise ratio. The 
re scale was calculated from the outside/inside scale, assuming a bilayer thickness or 37 A and equal 
packing density at inside and outside surface. 
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seen in the electron microscope [11, 12], there is a tendency for the shift-reagent 
method to give larger values for the size of the smaller liposomes. 

Since for the seven main fractions (Fractions 13-19), containing about 85 '~.,, 
of  the total lipid, the ratio outside/inside varies only from 1.65 1.9, while for the 
unfractionated sample this ratio is 1.8-1.85, the total distribution appears to be very 
homogeneous with only a minor amount of the phospholipid present in smaller or 
larger vesicles. 

This relative homogeneity of the vesicle sizes, even in the absence of fraction- 
ation, is further demonstrated by examining the effect of sonication time. Although 
the number of phospholipid molecules in vesicles which are small enough to give 
sharp resonances in the 1H-NMR spectrum, increases progressively until about 15 
rain, the ratio of outside/inside -N + (CH3) 3 resonances does not increase significantly 
after the first minute of sonication (Table I1). Thus it appears, in agreement with 
earlier conclusions [13], that the sonication process produces small vesicles of a very 
specified size in a discrete manner, rather than by progressive reduction in the vesicle 
size. 

T A B L E  ll  

E F F E C T  O F  S O N I C A T I O N  T I M E  ON T H E  - N + ( C H a ) a  R E S O N A N C E S  OF  L E C I T H I N  VESI- 
CLES AT 2"/0 M H z  

Sonicat ion t ime Relative Outside/ inside 
(min.)  intensity 

l 6.4 1,8 
4 9.9 1,6 
7 12.0 1,92 

l0 12.4 1,88 
15 12.9 2,04 
25 13.4 1.86 
40 12.9 1.86 
95 12.7 1.90 

31p_NM R studies on lecithin bilayer vesicles 
The relative homogeneity of vesicle sizes is very fortunate in view of using 

3~P-NMR since with this technique the concentration of the samples must be higher 
than in proton N M R  for a similar signal/noise ratio in a similar time and thus the 
dilution effects from size separation would not be tolerable. In all 3~P-NMR ex- 
periments described here we used unfractionated samples. 

Fig. 5A shows that the 31p-NMR spectrum of egg lecithin vesicles consists 
of  two peaks, 4-5 Hz ( ~  0.13 ppm) apart at 25 °C. The spectrum is very similar 
to the spectrum of dipalmitoyllecithin vesicles above the transition temperature [14]. 
At increasing temperature the two lines become slightly narrower but since the sepa- 
ration decreases at higher temperature (not shown) the resolution does not change 
very much. On addition of Mn 2+ ions (cf. ref. 15) the low-field peak broadens and 
finally disappears while in the presence of praseodymium chloride or europium 
chloride the same peak is shifted (downfield or upfield respectively) and broadened 
as well. Fig. 5B shows that a small amount of Co 2+ broadens the peak at lower 
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Fig. 5. alP-NMR spectra of egg lecithin vesicles (50 mg/ml lipid) in 25 mM Tris-2HC1 (p2H 7.6) 
and 1 mM EDTA at 27 °C. A, no additions; B, 1 mM CoClz added; C, 4 mM CoCl2 added. 

field, concomitant with a slight shift downfield. At higher concentrations of Co 2 + 
the affected resonance cannot be seen any more on the scale used in Fig. 5C because 
of  the large broadening. These experiments identify the low field resonance with the 
outside and the high field resonance with the inside phosphate groups. 

The remaining inside resonance in the presence of paramagnetic ions has a 
proton decoupled linewidth of 4-5 Hz. In the absence of proton decoupling a quintet 
can be seen, showing a coupling constant of 6.1 Hz between the phosphorus nucleus 
and the 4 - C H  2- protons next to the phosphate group. The found value for the line- 
width is even less than the value reported for a solution of phospholipids in organic 
solvent (15-20 Hz [16]). Since this seemed unusual, considering that the proton line- 
widths are smaller in solutions than in vesicles [13], we measured some lipid extracts 
from various sources, taking care that no metal ions were present. One example is 
shown in Fig. 6. The lipid extract of  chromaffin granule membranes, treated and mea- 
sured as described in Materials and Methods, gave rise to a spectrum of very narrow 
resonances (1.5 and 3 Hz wide). The resonances due to the main components (phos- 
phatidylethanolamine, lecithin and lysolecithin) are furthermore well separated. 

Since in lecithin vesicles the outside and inside resonances are partly separated, 
the spin lattice relaxation time t 1 of  each of them can be measured (Fig. 7). The ta 
value for the outside (3.0 s) is longer than that for the inside (2.4 s) and the overlap 
between the two resonances makes it likely that the real difference in t~ values 
is even slightly larger than measured. 

Measurements at 129 MHz (not shown) confirmed for egg lecithin the con- 
clusion of Berden et al. [14] for dipalmitoyllecithin vesicles and synthetic fl,y-dipal- 
mitoyl L-(3)lecithin and sphingomyelin mixtures that the 31p-NMR linewidths are 
strongly frequency dependent, indicating a contribution of chemical shift anisotropy, 
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Fig. 6. 31p-NMR spectrum of a lipid extract from chromaffin granule membranes at 25 C. The 
lipid extract had been dried, sonicated in 1 mM EDTA-25  mM Tris-2HCI (pZH 7.4) buffer, dissolved 
in chloroform-methanol  water (1 : 2.2 : I) and extracted into the chloroform layer after addition 
of  more chloroform and water. The sample tube was inserted in a larger tube containing 2H20 for 
the locking. PE, phosphatidylethanolamine; SPM, sphingomyelin; PC, lecithin; PS, phosphatidyl- 
serine; P[, phosphatidylinositol; LPC, lysolecithin. 
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Fig. 7. S~P-NMR t~ measurement for the two resonancesofeggleci thinvesicles(50mg, ,nl l l ip ids)at  
27 'C .  T h e m e d i u m  contained 20raM sodium acetate, p2H6.6. The l80-90  pulse sequence was used. 
the delay time between subsequent sequences being 1 5 s. PC~. lecithin finsidet; PCo, lecithin ~oulside). 
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modulated by the isotropic tumbling of the vesicles, to the linewidth. 

Distribution of zwitterionic phospholipids in mixed vesicles 

T A B L E  III 

D I S T R I B U T I O N  OF  P H O S P H A T I D Y L C H O L I N E  IN P H O S P H A T I D Y L C H O L I N E - P H O S P H A -  
T I D Y L E T H A N O L A M I N E  (1 : 1) VESICLES (p2H = 6.5) 

Frac t ion  number  - N  + ( C H 3 ) a / - C H  3 Outside/ inside 
o f  - N  + ( C H 3 )  3 

9 (void volume)  0.7 1.7 
11 0.8 1.8 
13 0.9 1.8 
15 0.8 1.8 
17 0.8 1.9 
19 0.9 1.9 
21 0.8 1.7 

When a 1 : 1 mixture of egg lecithin and egg phosphatidylethanolamine is 
sonicated, vesicles are formed, but not when the relative amount of phosphati- 
dylethanolamine is much further increased (cf. ref. 3). The elution pattern on Sepha- 

PE 

i i 

i i 101tz 

Fig. 8. 31P-NMR spectra  o f  phosphat idyle thanolamine/ lec i th in  vesicles (50 m g / m l  lipid) in 25 m M  
Tris-2HC1 (p2H 7.2), 1 m M  E D T A  at 50 °C. A, no addit ions;  B, 3 m M  COC12 added (only the inside 
resonances  show up);  C, after resonicat ion in 3 m M  COC12, 5 m M  E D T A  was added (only the out-  
side resonances  show up in the spectrum).  PE, phospha t idy le thanolamine ;  PC, lecithin. 
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rose 4B indicates that the size of the vesicles is larger than that of lecithin vesicles. 
For various fractions of a l : 1 mixture (original concentration 96 mM lipid) the 
~H-NMR spectrum was measured in both the absence and presence of 150 mM 
potassium ferricyanide. The results for the lecithin distribution are given in Table !II. 
The ratio - N  + (CH3)3/-CH 3 is different from the expected 0.75 because of the differ- 
ence in t 1 for the two groups of protons (see above). However, the constancy of this 
ratio (measured in the absence of ferricyanide) shows that the composition of the 
vesicles in all fractions is uniform as is the outside/inside ratio o f the -N+(CH3)3  
resonances measured after the addition of the shift reagent. This latter indicates that 
the vesicle population is very homogeneous, but also, if the vesicles are really larger 
than lecithin vesicles, that the distribution of the phospholipids is asymmetrical 
(preference of lecithin for the outside). To verify this we measured a similar sample 
by 3Jp-NMR. The relevant spectra, measured at 50 °C, are shown in Fig. 8 and the 
calculated distribution in Table IV. These data clearly confirm that the vesicles are 
larger than lecithin vesicles (outside/inside of total lipid is 1.4) and the distribution 
asymmetrical. 

TABLE IV 

DISTRIBUTION OF PHOSPHATIDYLCHOLINE AND PHOSPHATIDYLETHANOLAMINE 
IN PHOSPHAT1DYLCHOLINE/PHOSPHATIDYLETHANOLAMINE VESICLES AS 
DERIVED FROM 31P-NMR SPECTRA (p2H : 7.2) 

Total phosphatidylet hanolamine/ 1.08 
phosphatidylcholine 

Inside phosphatidylet hanolamine/ 1.38 
phosphatidylcholine 

Outside phosphatidylethanolamine/0.92 
phosphatidylcholine 

total lipid outside/inside 1.41 

phosphatidylet hanolamine 1.17 
outside/inside 
phosphatidylcholine 1.76 
outside/inside 

Apart from telling us the distribution of the phospholipids over the inside and 
outside of the vesicles, the spectra of Fig. 8 give more information. First, there seems 
to be very little chemical shift difference between the outside and inside resonances: 
the positions are within the error limits identical (B and C respectively) and the com- 
bined resonances are not broader than the individual ones. Second, to get separation 
of the phosphatidylethanolamine and lecithin resonances, the measurement had to 
be done at 50 ~C, the lines being too broad at room temperature. Third, the tem- 
perature dependence of the width of both lines (Fig. 9) is much larger than is the case 
for lecithin vesicles. The implications of these characteristics will be discussed later. 

Another example of a zwitterionic mixture is a lecithin sphingomyelin mixture. 
Since both phospholipids contain choline the ~H-NMR spectrum does not give 
information about the distribution. Some 31p-N M R spectra of a dipalmitoyllecithin- 
sphingomyelin mixture at 50 °C are shown in Fig. 10. The linewidths and the chemical 
shift differences between outside and inside are similar to those in dipalmitoyllecithin 
vesicles at 50 °C [14]. Fig. 10B shows that both phospholipids are identically affected 
by low amounts of Co 2+ and that for both the outside resonance is at low field from 
the inside resonance. Comparison of Fig. 10A with 10C indicates the presence of a 
slight asymmetry. Outside dipalmitoyllecithin-sphingomyelin is smaller than inside 
dipalmitoyllecithin-sphingomyelin (1.2 and 1.52 respectively, while the overall dipal- 
mitoyllecithin-sphingomyelin equals 1.3). 
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Fig. 9. Temperature dependence of the linewidths of the phosphatidylethanolamine and lecithin 
a~P-NMR resonances of phosphatidylethanolamine-lecithin vesicles (see legend to Fig. 8). PC, 
lecithin; PE, phosphatidylethanolamine. 
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Fig. lO. 3~P-NMR spectra at 50 °C of dipalmitoyllecithin/sphingomyelin vesicles (50 mg/ml lipid) 
in 25 mM Tris-2HCI (p2I-[ 7.2)-5 mM EDTA. A, no additions; B, 5 mM COC12 added; C, 7 mM 
COC12 added. DPLo/I, dipalmitoyllecithin (outside/inside); SPMo/I, sphingomyelin (outside/inside). 
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Distribution of charged phospholipids in mixed vesicles 

T A B L E  V 

D I S T R I B U T I O N  O F  L E C I T H I N  IN LECITHIN/PHOSPHATIDIC A C I D  V E S I C L E S  (p2H 
PC, lec i th in ;  PA,  p h o s p h a t i d i c  acid.  

F r a c t i o n  N ~ (CH 3)3/ CH 3 O u t s i d e / i n s i d e  
o f  N+ (CH 3)_~ 

A:  PC P A  = ] : ]. Expec t ed  N + ( C H 3 L ~ / - - C H g  is 0.75 
To ta l  0.8 
17 0.9 2.0 
20 0.9 2.4 
23 0.9 2.8 
B: PC PA 3 : 1 Expec ted  N + ( C H 3 ) 3 /  C H  3 is 1.13 
T o t a l  1.3 2. I 
17 1.4 2.0 
20 1.3 2.0 
23 1.3 2.4 

6 ) 

From consideration of charge repulsion one might expect that in mixtures of a 
negatively charged phospholipid and lecithin the former occupies preferentially the 
outside of the bilayer [5]. For a lecithin-phosphatidylglycerol mixture Michaelson et 
al. [4] have demonstrated this phenomenon. Yet in mixtures of lecithin with phos- 
phatidic acid, phosphatidylserine or phosphatidylinositol, we find a preference of the 
negative lipid for the inside of the vesicle. Table V summarizes the results of experi- 
ments with lecithin-phosphatidic acid mixtures, using potassium ferricyanide as a 
shift reagent. Using Mn 2+ as a broadening probe [15] we get similar results. Again 
the ratio - N  + (CH 3)3/-CH 3 is higher than predicted by the composition of the vesicles 
because of the difference in t~ for the two proton groups. The values for the outside/ 
inside distribution cf  the lecithin in the mixtures are equal or higher than those in 
equivalent fractions of lecithin and the elution profile on Sepharose 4B indicated that 
the vesicles are larger than lecithin vesicles, as is also reported by Johnson [12]. This 
means that the overall outside/inside is smaller than the lecithin outside/inside and 
the phospholipid distribution asymmetric, the phosphatidic acid preferring the inside. 

In the case of lecithin-phosphatidylserine and lecithin-phosphatidylinositol 
mixtures we observed remarkably high outside/inside ratios for lecithin, especially 
in the fractions containing the smallest vesicles. Fig. 11 shows the t H-NMR spectrum 
of one of the fractions of a 3 : 2 mixture of lecithin and phosphatidylserine, both in 
the absence and presence of 250 mM potassium ferricyanide. The sonication was done 
in 20 mM acetate a t  p Z H  4.6. The elution profile and the measured optical density 
indicated that the vesicles were significantly smaller than lecithin vesicles, but of 
similar size as phosphatidylserine vesicles (cf. ref. 17). 

Since at increased pZH values during sonication the outside/inside ratio of the 
lecithin was smaller, we did the experiment shown in Fig. 12 to see whether solely 
the difference in p2H was responsible for this different outside/inside of the lecithin 
(a difference in size could be responsible as well). Five samples were prepared (leci- 
thin-phosphatidylserine 3/2) at different pZH values and the distribution of lecithin 
was measured in the presence of ferricyanide. Of the remainder of each sample the pZH 
was changed by addition of 2HCI or NaO2H to the outside medium. The samples 
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Fig. 11. 1H-NMR spectrum of Fraction 21 of lecithin-phosphatidylserine vesicles fractionated 
over Sepharose 4B. The original sample contained 60 mM lecithin and 40 mM phosphatidylserine 
in 20 mM sodium acetate, p2H 4.6. The column was equilibrated in 20 mM acetate p2H 7.9 and 
the p2H of the fractions was between 6.5 and 7.5. The samples and the column were kept at 4-5 °C. 

were kept at 25 °C and after 2 h the p2H values reached a constant level slightly 
above, respectively below, the adjusted values, suggesting an equilibration of the 
p2H over the outside medium and the trapped volume. Then the ratio outside/inside 
of the lecithin was again determined and the result plotted against the measured pH. 
In Fig. 12 the abscissa shows the measured pH values, not the assumed p2H values. 
If  we may assume that the size of the vesicles does not change on standing, the ex- 
periment shows that the variation in outside/inside for lecithin is solely a function of 
pEH and the size of the vesicles is not dependent on the pEH. 

Although the data of Fig. 12 clearly show that at decreasing p2H (i.e. decreasing 
negative charge in the phosphatidylserine headgroup) the phosphatidylserine shows 
more preference for the inside layer of the bilayer, it is not clear how the size of the 
vesicles affects the distribution and how large the actual asymmetry is. Fig. 13 shows 
the outside/inside ratios of lecithin in the fractions of a 1 : 1 mixture of lecithin and 
phosphatidylserine. Since the lecithin-phosphatidylserine vesicles appear to be smaller 
than the lecithin vesicles, the results suggest that in the Fractions 10-15 (containing 
about 25 ~o of the lipid) the distribution is fairly symmetrical, while in the higher 
fractions, containing the bulk of the lipid and the smaller vesicles, the distribution is 
asymmetrical, lecithin preferring the outside layer. The second question, the actual 
extent of the asymmetry, was tackled by 31P-NMR, which method, as used by us, 
does not distinguish between the smaller and larger vesicles in one preparation. 
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Fig. 12. pH dependence of  lecithin distribution in lecithin-phosphatidylserine vesicles (20 mg/ml 
lipid) in 20 mM sodium acetate. The lecithin distribution was measured from t he ~ H-N M R spectrum 
in the presence of  250 mM ferricyanide. []~ lecitbin-phosphatidylserine vesicles, sonicated at various 
pH values; Q,  the pZH of the original samples was changed by addition of  2HC1 or NaO2H and after 
2 h at 25 °C 250 m M  ferricyanide was added and the spectra measured. The numbers  indicate the 
corres ~onding samples. The measured pH values are given. PCor~, lecithin (outside/inside). 
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Fig. 13. Lecithin distribution in lecithin-phosphatidylserine PC/PS, vesicles after fractionation of  
a 1 : 1 mixture over Sepharose 4B. The sonication was done at p2H 7.2 and the column was equilibrated 
in the same medium (20 mM sodium acetate). The ratio lecithin (outside/inside) (PCo/PCI) was deter- 
mined f rom the J H - N M R  spectrum in the presence of  250 mM ferricyanide. For several samples 
this ratio was also measured using Mn 2+ to broaden out the outside resonances (especially the N +- 
(CH3)3 resonance [15]). The results with this method were essentially identical with the results ob- 
tained with ferricyanide. The curve marked PC shows the corresponding values for lecithin vesicles. 
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Fig. 14. 3~P-NMR spectra of lecithin/phosphatidylserine vesicles (50 mg/ml lipid) in 20 mM sodium 
acetate-1 mM EDTA (p2H 7.2) at 26 °C. The delay time between subsequent pulses was 15 s. Upper 
spectrum, no additions; middle spectrum, 3 mM CoCl2 added; lower spectrum, after resonication in 
the presence of 3 mM CoCI2, 5 mM EDTA was added to the outside medium. PCo, lecithin (outside); 
PC~ lecithin (inside); PSo, phosphatidylserine (outside); PS,, phosphatidylserine (inside). 

Doing 31P-NMR it became clear that for experiments with negatively charged 
phospholipids the presence of EDTA was necessary to obtain maximal resolution, 
although it had no effect on the ~H-NMR spectra. Fig. 14A shows the spectrum of a 
lecithin-phosphatidylserine mixture at neutral p2H. Three resonances can easily 
be distinguished and identified as lecithin (outside), lecithin (inside) and phosphati- 
dylserine (outside). The fourth resonance, phosphatidylserine (inside), could be 
identified when the spectrum was measured in the presence of Co 2+ under which 
condition the outside resonances were broadened beyond detection. A spectrum of 
only the outside resonances (Fig. 14C) was obtained via resonication of  the sample 
in the presence of Co 2 +, followed by addition of EDTA to bind the Co 2 + ions in the 
outside medium. Since the 1H-NMR data suggested that at neutral p2H in a 3 : 2 
mixture the distribution is not far from symmetrical, we measured all the spectra using 
a delay time of 15 s (5 times longest tt, see later) to reach maximal accuracy. The 
areas of  all the resonances were compared and the distribution of  both lecithin and 
phosphatidylserine over the outside and inside calculated (Table VI). The resulting 
value for lecithin(outside)-lecithin(inside) could be verified via the IH-NMR spectrum 
in the presence of potassium ferricyanide. The measured value (2.5) agrees very well 
with the value of 2.45 calculated from the alp spectra. The data of Table VI show 
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TABLE VI 

DISTRIBUTION OF PHOSPHATIDYLCHOLINEANDPHOSPHATIDYLSERINE IN PHOS- 
PHATIDYLCHOLINE/PHOSPHATIDYLSERINE VESICLES AS DE RIVED FRO M "~ ~ P-N M R 
SPECTRA AT 36.4 MHz 

PC. lecithin; PS, phosphatidylserine 

A: p2H 7.2 
Total PC PS 1.8 total outside/inside 2.3 
Inside PC- PS 1.6 PC" outside/inside 2.45 
Outside PC PS 1.9 PS outside/inside 2.06 

B: p a l l  : 4.9 
Total PC PS 1.8 total outside/inside 2.3 
Inside PC-PS 0.83 PC outside/inside 3.7* 
Outside PC PS 2.64 PS outside/inside I.I 5 

* derived from 'H-NMR spectrum in the presence of ferricyanide. 

3"5 ?e'O Se¢. 

Fig. 15. axp. N MR t, measurement on lecithin/phosphatidylserine vesicles (sample as used for Fig. [4, 
upper curve)at 27 'C. The 180°-90 ° pulse sequence was used, the delay-time between subsequent 
sequences being 15 s and the number of transients 100. The lower trace shows the 90 spectrum, 
for the other spectra the delay-time between the 180" and 9 0  pulse is 7.0, 3.5, 1.75, 0.875, 0.437 and 
0.218 s respectively. PSo, phosphatidylserine (outside); PCo, lecithin (outside); PC~, lecithin (mside l. 

t h a t  the  vesicles are  i ndeed  s ignif icant ly  smal le r  t han  leci thin vesicles (ou t s ide / ins ide  
o f  to t a l  l ipid is 2.3 c o m p a r e d  wi th  1.8 fo r  leci thin  vesicles)  bu t  tha t  there  still is s o m e  
a s y m m e t r y  at  this p2H,  o p p o s i t e  to  the  a s y m m e t r y  expec ted  f r o m  the  cha rge  effect. 

T h e  spec t ra  o f  Fig.  14 s h o w  s o m e  fu r the r  charac te r i s t i c s :  the  chemica l  shift  d i f ference 
be tween  ins ide  a n d  ou t s ide  is l a rger  t han  in leci thin  vesicles and  the  l inewid ths  o f  the  
ou t s i de  r e sonances  are  n a r r o w e r  ( l ec i th in (ou t s ide )  is 3.5 Hz  wide and  p h o s p h a t i d y l -  
ser ine (ou t s ide )  3.6 Hz) .  O n  the  o t h e r  h a n d  the  ins ide  r e sonances  are  b roader ,  leci thin 

( ins ide)  is 6 H z  wide  and  p h o s p h a t i d y l s e r i n e  ( ins ide)  near ly  8. Fig. 15 shows a tl mea -  
s u r e m e n t  for  the  same  sample .  T h e  d i f ference  be tween  leci thin (ou t s ide)  (3.0 sec) and 
p h o s p h a t i d y l s e r i n e  (ou t s ide)  (2.8 s) is ve ry  small ,  bu t  the t, r e l axa t ion  t ime  o f  the  
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Fig. 16. 31p-NMR spectra oflecithin/phosphatidylserine vesicles (50 mg/ml lipid) in 20 mM sodium 
acetate-1 mM EDTA (pZH 4.9) at 27 °C. The delay time between subsequent pulses was 2.1 s. Upper 
spectrum, no further additions; lower spectrum, 3 mM COC12 added. PC0, lecithin (outside); PCI, 
lecithin (inside); PSi, phosphatidylserine (inside); PSo, phosphatidylserine (outside). 

lecithin (inside) resonance (2.2 s) is clearly shorter than that of  the outside resonances. 
The t t for phosphatidylserine (inside) could not be measured in this experiment but 
the middle spectrum in Fig. 15 shows that the phosphatidylserine (inside) resonance 
has about  the same t 1 as the lecithin (inside) resonance (both resonances are positive). 

To verify the earlier conclusion from 1H-NMR data that at lower p2H the 
asymmetry is substantially higher we prepared an exactly similar sample as used for 
the experiment of  Fig. 14, but at p2H 4.9. The upper spectrum of Fig. 16 shows that 
the ratio lecithin (outside)-phosphatidylserine (outside) is now much larger than at 
neutral p2H. Unfortunately, the lower spectrum, in the presence of Co 2 +, shows that 
the resonances of  lecithin (inside) and phosphatidylserine (inside) now overlap with 
the consequence that their ratio cannot be calculated. Since we know that lecithin- 
phosphatidylserine equals 1.8 and the ratio lecithin (outside)-lecithin (inside) is 3.7 
(from the 1H-NMR spectrum in the presence of ferricyanide), we still can calculate 
the complete distribution if we assume that the total outside/inside ratio is the same 
as at neutral p2H (cf. data of  Fig. 12). The results of  these calculations are given in 
Table VI and the value for lecithin (outside)-phosphatidytserine (outside) agrees very 
well with the 3~p-NMR spectrum, indicating that the assumptions did not introduce 
a large error. 
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DISCUSSION 

From the 1H-NMR spectra shown it is clear that ferricyanide, although highly 
negatively charged, is a suitable shift reagent not only for uncharged vesicles but also 
for vesicles containing negatively charged lipids. But I H - N M R  gives limited in- 
formation about distribution of phospholipids in mixed vesicles since only lecithin or 
sphingomyelin, containing a choline headgroup, can easily be measured separately. 
Although the headgroups of other phospholipids have one or more specific resonances, 
these cannot easily be used for inside/outside measurements because of their low 
intensity or their position in the spectrum. The distribution of lecithin or sphingomy- 
elin in mixed vesicles over the outside and inside layer provides a measure of asym- 
metry only when the overall outside/inside distribution is known, and I H-NMR 
cannot easily provide this measurement. 

31p-NMR, on the other hand, can give all the measurements needed: each class 
of  phospholipids has one specific resonance and, provided sufficient separation of the 
resonances is obtained, the distribution of each component  in a mixture can be mea- 
sured using a shift reagent or a broadening probe. It is shown in this paper that in 
simple mixtures complete separation is obtained. The resonances of  phosphatidyl- 
ethanolamine, phosphatidylserine and sphingomyelin can be well separated from that 
of  lecithin and the same holds for the resonances of  phosphatidylinositol, phospha- 
tidic acid and cardiolipin, although all these resonances overlap partly among them- 
selves. In solution in organic solvents, even much better resolution can be obtained, 
partly because the resonances are narrower and partly because the chemical shift 
differences are larger. As a consequence of these results the use of 3~p-NMR is a 
simpler and quicker way for determining phospholipid composition and purity than 
thin-layer chromatography provided enough material is available and paramagnetic 
cations are absent. 

3~p-NMR, however, also has some disadvantages compared to ~H-NMR. 
Since the sensitivity is less, the measurements on fractionated samples are highly 
time consuming unless the original sample is extremely concentrated or the fractions 
obtained are reconcentrated. Fortunately, the ~H-NMR experiments showed that 
the distribution of vesicle sizes in an unfractionated sample is very homogeneous so 
that the use of  fractionated samples for the 3~p measurements was not necessary. A 
second disadvantage of 3~p-NMR is the long spin lattice relaxation time for 3~p 
nuclei. Taking lecithin-phosphatidylserine vesicles (p2H 7.2) as an example we can see 
that the t~ for lecithin (outside) (3 s) is slightly longer than that for phosphatidylserine 
(outside) (2.8 s) and significantly longer than that for the lecithin (inside) resonance. 
This has the consequence that maximal accuracy in comparing the areas under the 
various peaks as a measure for the relative amounts of the various components is 
reached when a delay time between subsequent pulses of  not less than 15 s is used. 
In the chosen example the resonances are fairly narrow and 100 scans (25 min) give 
a reasonable signal/noise, but when the resonances are broader the accumulation 
time becomes very long*. 

3 ~P-NMR ofphospholipid vesicles 
Berden et al. [14] have shown that the use of higher magnetic fields to increase 

the chemical shift differences between the various resonances is not useful since part  
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of  the l inewidth is due to  chemical  shift an i so t ropy  which increases as the square o f  
the field. Because o f  this, the f requency at  which op t imal  resolu t ion  is ob ta ined  
depends  on the con t r ibu t ion  o f  the chemical  shift an i so t ropy  to the l inewidth.  In 
lecithin vesicles where this con t r ibu t ion  at  36.4 M H z  is abou t  30 % (see ref. 14 and 
for a more  deta i led examina t ion  and  discussion,  ref. 18), the op t imal  f requency for  
resolu t ion  is a b o u t  50 M H z ,  bu t  in larger  vesicles, so as l ec i th in -phospha t idy l -  
e thano lamine  vesicles, which have a slower tumbl ing  and  therefore  a larger contr i -  
bu t ion  o f  chemical  shift an i so t ropy ,  this op t imal  f requency is lower. Since vesicles 
p repared  f rom l ipid extracts  f rom chromaffin granule membranes  or  sub-mito-  
chondr ia l  part icles  appea red  to be fairly large, poss ibly  due to the high content  o f  
phospha t idy l  e thano lamine  and gave b road  resonances at  36.4 M H z  (not  shown),  the 
op t imal  f requency for s tudying this type o f  vesicles is p robab ly  in the order  of  24 M H z  
so that  a 60 M H z  p ro ton  spectrometer ,  opera t ing  at  24 M H z  for 31p, may  be more  
useful than  a high frequency spectrometer .  

We have seen tha t  the 3~p -NMR spectra  o f  different vesicles show different 
characteris t ics ,  and  if  we are  able to in terpre t  these characterist ics,  the 3~p -N M R 
spectra  can give useful in fo rmat ion  abou t  the vesicles. F o u r  characteris t ics  can be 
listed: l inewidth,  t empera tu re  dependence  of  the l inewidth,  chemical  shift difference 
between outs ide and  inside, and  difference in t~ between outs ide and inside resonances.  

Cons ider ing  the con t r ibu t ion  of  chemical  shift an i so t ropy  to the l inewidth we 
may  expect  tha t  the l inewidth increases with the size of  the vesicles because of  an 
increase in tumbl ing  time. F o r  the vesicles s tudied so far, this re la t ion seems appro -  
pr ia te  since lec i th in-phospha t idy lse r ine  vesicles ( l inewidtb lecithin (outside)  3.5 Hz)  
are  found  to be smal ler  than  lecithin vesicles ( l inewidth 4-5 Hz)  which in turn  are 
smal ler  than  lec i th in /phospha t idy le thanolamine  vesicles ( l inewidth lecithin (outs ide)  
15 Hz  at  27 °C). Fu r the rmore ,  the t empera ture  dependence  o f  the par t  o f  the l inewidth 
tha t  is due to chemical  shift an i so t ropy  will be increased by  the addi t iona l  dependence  
on the viscosity. The f inding tha t  for l ec i th in -phospha t idy le thano lamine  vesicles the 

* The alp-NMR spectra of the phosphatidylethanolamine-lecithin, dipalmitoyllecithin- 
sphingomyelin and lecithin-phosphatidylserine (p2H 4.9) vesicles were obtained using a pulse rate 
of 1 per 2.1 s. Since the difference in tl for the outside resonances in Fig. 15 is only 7 ~o and also the 
two inside resonance have about equal tl values (difference within 10 %), the relatively short delay 
time between subsequent pulses will not introduce an error larger than about 5 % in the ratio of the 
outside resonances or the ratio of the inside resonances. Since, however, the difference in tl between 
the outside resonances at the one hand and the inside resonances at the other hand, is larger (25-30 % 
for lecithin-phosphatidylserine vesicles, p2H 7.2) a more substantial error can be made in measuring 
the ratio of the two lipid components when these components have a very different outside/inside 
distribution. 

If it is true that the difference in tl between the outside and inside resonances reflects the same 
vesicle properties as the chemical shift difference between inside and outside (see below) we may ex- 
pect that for the phosphatidylethanolamine-lecithin vesicles the difference in tl for the outside and 
inside resonance is less than 10 % and the error made in the calculation of the ratio phosphatidyl- 
ethanolamine: lecithin will not exceed 5 ~o. For the dipalmitoyllecithin-sphingomyelin mixture the 
difference in tl for outside and inside resonances will be equal to that in lecithin vesicles (20 %), but 
since the outside/inside ratios for the two components are not highly different (1.7 and 2.15 respecti- 
vely) the actual error in dipalmitoyllecithin-sphingomyelin appears to be only 5 %. 

For the lecithin-phosphatidylserine vesicles (p2H 4.9) the error is substantially more and 
therefore we did not use the alP-NMR spectrum for the calculation of total lecithin-phosphatidyl- 
serine. 
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temperature dependence of the linewidth is larger than for lecithin vesicles supports 
the proposal that the relative broadness of the resonances of lecithin-phosphati- 
dylethanolamine vesicles is due to a large contribution of chemical shift anisotropy. 
Also the third characteristic seems to be related to the size of the vesicles. The chemi- 
cal shift difference between lecithin (outside) and lecithin (inside) is largest in lecithin- 
phosphatidylserine vesicles and smallest in lecithin/phosphatidylethanolamine vesicles 
while for lecithin and lecithin-sphingomyelin vesicles this value is intermediate. We 
have seen before that the size of lecithin vesicles as estimated from the outside/inside 
distribution tends to be greater than the size measured via other methods. This can 
be explained by the assumption that the packing density in the inside layer is higher 
than in the outside layer, which appears logical on the basis of the necessity of hy- 
drophobic interactions between the fatty acid chains. From this assumption we can 
derive further that the difference in packing density will be highly dependent on the 
size of the vesicles (the curvature of the inside layer). The chemical shift difference 
between outside and inside phosphorus may therefore well be a useful parameter for 
the difference in packing density of the headgroups in the two layers. That the inside 
resonances are at high field from the outside resonances is in agreement with this 
proposal if we may assume that a higher density of the negative phosphate groups 
causes a more effective shielding of the phosphorus nucleus from the applied magnetic 
field resulting in a requirement for a higher field strength at resonance position. The 
additional finding (not shown) that the discussed chemical shift difference decreases 
at increasing temperature can be interpreted as an indication that an increase in 
motion of the headgroup in the headgroup layer decreases the effect of high curvature 
on the packing density. The fourth listed characteristic of the 31P-NMR resonances, 
the difference in tl between outside and inside phosphorus resonances, can be ex- 
plained on the same basis as the chemical shift difference but more tl measurements 
have to be done for certainty. It appears then that all listed characteristics are inter- 
related and together they form a solid base for comparison of various vesicles. 

Role ~[" charge and size of headgroup in determining phospholipid distribution ot'er the 
outside and inside of t,esicles 

The presented data give evidence that in mixtures of lecithin with phosphatidic 
acid, phosphatidylethanolamine and phosphatidylserine the latter prefers location 
at the inside of the bilayer. Experiments with phosphatidylinositol showed that 
phosphatidylinositol behaved very similar to phosphatidylserine. In mixtures of lecithin 
with sphingomyelin the latter is preferentially located at the outside of the bilayer. 
The effect of increased charge, extensively studied only in the case of phosphatidyl- 
serine, is to decrease the affinity of the charged phospholipid for the inside of the 
bilayer, as might be expected [5]. Combining the results shown in Fig. 12 and the 
found outside/inside distribution of total lipid in lecithin/phosphatidylserine ( 3 : 2 )  
vesicles, we may conclude that the distribution becomes symmetrical at pH values 
between 8 and 9 and asymmetrical again (phosphatidylserine more at the outside) at 
still higher pH values where the charge of the phosphatidylserine headgroup is between 
1 and 2. This pH dependence of the phosphatidylserine distribution in lecithin/phos- 
phatidylserine vesicles can be compared with the pH dependence of the phase- 
transition temperature of phosphatidylserine [18 ]. 

The preference of sphingomyelin for the outside layer in mixtures with lecithin 



207 

may well be due to a difference in geometry of the headgroup relative to that of 
lecithin, requiring a slightly larger area. The suggestion of Henderson et al. [16] that 
in sphingomyelin the phosphate group forms a hydrogen bound with the - N H  of the 
sphingosine could well be the reason for this. 

The four lipids shown to prefer the inside layer of the vesicles all have a smaller 
headgroup than lecithin and this seems to be the most important factor in determining 
the observed asymmetry. In the case of phosphatidylserine we may infer from the 
effect of pH that in the absence of any charge difference between lecithin and phos- 
phatidylserine the asymmetry would be extremely large. The fact that the asymmetry 
is not great in phosphatidylethanolamine/lecithin vesicles, although phosphati- 
dylethanolamine is uncharged and has an even smaller headgroup than phosphati- 
dylserine, is not contradictory. The size of the phosphatidylethanolamine-lecithin 
vesicles studied was much larger than that of the lecithin-phosphatidylserine vesicles 
so that the difference in curvature between the outside and inside is much less pro- 
nounced and so the driving force for asymmetrical distribution weaker. We have 
initiated studies on phosphatidylethanolamine-lecithin vesicles containing lower 
amounts of phosphatidylethanolamine to see whether under these conditions the 
vesicles are smaller and the observed asymmetry greater (.which would be in contrast 
to the observations of Litman [3]). 

The distribution in phosphatidylglycerol/lecithin vesicles as reported by Mi- 
chaelson et al. [4] has been interpreted [4, 5] as being due to the difference in charge 
between the two classes of phospholipids. Since, however, we have no clear infor- 
mation about the effect of the differences in headgroup and about the size of the 
vesicles, this interpretation needs further investigation. 

A different problem is of why lecithin-phosphatidic acid, lecithin-phosphati- 
dylethanolamine and possibly lecithin/phosphatidylglycerol vesicles are so much 
larger than lecithin-phosphatidylserine or lecithin-phosphatidylinositol vesicles. This 
difference is clearly not caused just by differences in the size of the headgroup. There 
seems to be, however, a relationship between the size of vesicles of the individual 
lipids and the size of vesicles containing mixtures with lecithin. As mentioned before 
(see also ref. 17) phosphatidylserine and phosphatidylinositol form very small vesicles 
(indicating that the electrostatic repulsion between neighbouring headgroups is less 
important than the hydrophobic interactions between the fatty acid chains), whereas 
phosphatidylethanolamine and phosphatidic acid do not form vesicles at all under our 
conditions of sonication. 

We do not know at present to what extent the various asymmetries observed 
are solely the result of the nature of the headgroup, since the fatty acid chain com- 
position of the different lipids used is also a variable. The contribution of this factor 
to lipid asymmetry remains to be elucidated. 

It may appear that most biological membranes do not contain regions of high 
curvature, considering the radii of the various particles. It is striking, however, that 
in erythrocytes, lecithin and sphingomyelin are mainly localized in the outside surface 
and phosphatidylethanolamine and phosphatidylserine in the inside surface [2]. This 
suggests to us that biological membranes in vivo could possess large areas of high 
curvature as is known for the mitochondrial inner membrane. The use of small 
vesicles as model systems for biological membranes may thus be more justified than 
has previously been thought [19]. On the other hand, we believe that 31p-NMR, 
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providing the resolution required to study lipid distribution in model vesicles, can 
also be used to study some aspects of lipid distribution in intact biological membranes. 
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