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Abstract: Co-sonication of equimolar quantities of phosphatidylglycerol 

(PG) and phosphatidylcholine (PC) results in bilayered vesicles whose 

outer monolayers contain, on the average, twice as many PG as PC molecules. 

Within the surface these two lipid classes are not spatially segregated 

into 11 patches 11
• These results were obtained by exploiting the effects of 

paramagnetic ions on the proton and phosphorus nuclear magnetic resonances. 

The 31 P resonances of PG and PC sonicated separately have different chemi

cal shifts and broaden differently upon addition of Mn2+. At Mn2+ concen

trations less than lQ-4 M, these ions do not permeate the vesicles, permit

ting a distinction of the signals originating on the outer surface from 

those on the inner surface. Analysis of the data for pure dis~ersions of 

PG and of PC revealed that Mn2+ and Eu3+ reside closer to the phosphate 

than to the choline-N (CH3)~ protons and that the residence time of ~n2+ ..., 

is short, less than lQ-4 sec. The integrated and asymmetric arrangement 

of the phospholipid molecules in the co-sonicated dispersions is discussed 

in the context of the st·ucture and biosynthesis of biological membranes. 
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Introduction 

Phospholipids are a major constituent of many cellular membranes. 

These molecules are present in several classes, each defiried according 

to its polar head group1 and within each class there is great diversity 

in the fatty acid composition. The variability in the fattyacid compo

sition has been investigated extensively, and its physiological signifi

cance is beginning to be understood (Cronan and Vagelos, 1972; Singer 

and Nicolson, 1972); however, little is known about the function of the 

variability in the head group composition. Nevertheless the observations 

that different membranes often contain different phospholipid classes 

(Rouser et ~, 1968; Kates and Wassef, 1970) and that in some cases 

cells alter their membrane phospholipid composition in response to 

changes in external parameters (Op den Kamp et fu, 1969; Op den Kamp et ~, 

- 1971;: Haest et ~, 1972) suggest that this variability is of structural 

and physiological importance. 

The majority of the phospholipids are believed tv be arranged in a 

two-dimensional fluid bilayer (Singer and Nicolson, 1972). However, the 

spatial organization of the phospholipids within the bilayer is not cer

tain; neither are the factors affecting it understood. Previous work by 

Bretscher (1972) and by Caspar (1971) suggests that different lipids may 

be preferentially partitioned between the inner and outer faces of the 

membrane, thus rendering it asymmetric. The demonstration that specific 

phospholipids are required for the activation of certain membrane proteins 

(Steck and Fox, 1972) may suggest that within the plane of the membrane 

these molecules are arranged in a non-random heterogeneous patterrn. 

In order to gain a further understanding of some of the factors 

which affect the arrangement of phospholipids in cellular membranes, 
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we studied their organization in a model system, i.e., sonicated 

phospholipid dispersions (Atwood and Saunders, 1965). In this paper we 

present our observations regarding the arrangement of a zwitterionic 

phospholipid--phosphatidylcholine, and an anionic one--phosphatidylglycerol, 

within and bet\'leen the monolayers of the bilayered sonicated vesicles. 

We have employed the phosphorus and proton magnetic resonance spectra 

of the sonicated dispersions and the effects thereon of paramagnetic ions 

~~ ~1n+2., Eu+3) to study differentially the organization of the phos

pholipids. 

Materials and Methods 

Egg yolk phosphatidylcholine (PC} was extracted and purified fol

lowing the procedures of Singleton et ~ (1965). Phosphatidylglycerol 

(PG} was synthesized enzymatically from PC and distilled glycerol 

employing the alcohol transferase activity of phospholipase D. The 

enzyme was purified from Savoy cabbage by the procedure of Yang ( 1969) 

except that only the first three steps--i.e.,. preparat1on of crude 

extract, heat coagulation, and acetone precipitation--were employed. 

The enzyme was assayed as previously published (Yang, 1969) with the 

exception that the reaction was terminated with citric acid (0.1 M final 

concentration) and that the ether used was distilled over P2o5. The 

resulting phospholipids, PG, PA (phosphatidic acid) and PC were separated 

on TLC plates which were prepared by coating glass plates with a 0.5 mm 

thick suspension of silica gel (Adsorbosil 5 obtained from Applied 

Science) in a solution of methanol-water (1 :1) containing 0.5 M oxalic 

acid. The plates were developed in chloroform-methanol-concentrated HCl 

(87:13:0.5 by volume) and phospholipid spots were ..visualized with iodine 
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vapors, scraped, and then analyzed for phosphorus content (Yang et al...!.., 

1967). With our conditions, the reaction yield was approximately 60% 

PG, 40% PA, and a trace amount of PC. · PG, PA, and PC were purified from 

this mixture by DEAE cellulose column chromatography, employing an elution 

scheme similar to that described by Rouser et ~(sequence 3 in Rouser 

et ~' 1969), except that elution with chloroform-methanol (9:1 by volume) 

and acetic acid was omitted. After elution from the column, PG was dis-

solved in chloroform and converted to the Na salt by two extractions with 

0.5 11 aqueous Na2so4; it was stored as the Na salt in chloroform under 

argon at -20°C. The purified PG gave a single spot on TLC and was further 

identified by its proton magnetic resonance spectrum. 

Sonicated PC and PG vesicles in 50 mM Na Borate buffer, PO= 8.0, 

containing 150 mM NaCl and 10-6 M EDTA \vere prepared as previously 

described (Horwitz and Klein, 1972). Both phospholipids yielded clear 

dispersons on sonication (Papahadjopoulus and Ohki, 1970; Atwood and 

Saunders, '1965). Co-sonicated PG:PC vesicles were prepared similarly from 

equal amounts of PG and PC. In the experiments employ'ng Mn+2 and Eu+3, 

small volumes of the above buffer containing MnC1 2 or Euc1 3 were added 

to the phospholipid dispersions after sonication. The sample was vor

texed gently during the addition of the paramagnetic ions in order to 

obtain rapid mixing. After every experiment the phospholipids were 

extracted by the Bligh and Oyer method, as described by Ames (1968), and 

were shown by TLC to each give a single spot. 

Proton magnetic resonance (PMR) were recorded at 20°C on a Varian 

HR-220 spectrometer with TMS as an external standard. Phosphorus magnetic 

resonance (¢MR) measurements were made in a pulsed Fourier mode at 24.3 MHz, 
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as described else1-1here (Horwitz and Klein, 1972), \'lith an external standard 

of a saturated pyrophosphate so 1 uti on at pH 9.0. 

Results 

I. Aqueous Sonicated Dispersions of PG and PC Are Distinguishable 

a) Comparison of PG and PC ~MR and PMR spectra 

Sonicated PC and sonicated PG dispersions have characteristic and 

disting4ishable phosphorus and proton magnetic resonance spectra which 

are sensitive to the dynamics and environment of the phospholipids 

(Horwitz, 1972; Horwitz et ~. 1973). The ~MR spectra of sonicated PC 

and of sonicated PG, shown in Figure la, each contain a single peak. The 

PC phosphorus line width (19: 1 Hz) is narrower than the corresponding 

PG line width (30: 2Hz), and the two resonances have different chemical 

shifts: PC is shifted 0.93 ppm (22.5 Hz) to higher field from PG. The 

PMR spectra of sonicated PC and sonicated PG are likewise distinguishable. 

Sonicated PC dispersions have an intense choline N+-(CH3)3 proton peak 

which is absent in the corresponding PG spectra, while PG dispersions 

have an additional peak which is absent in the PC dispersions. This peak 

is shifted 3.7 ppm to lower field from TMS and is i7 : 2 Hz wide; its 

relative area and chemical shift are consistent \'lith the assignment that 

it arises from the non-exchangeable protons of carbons 2 and 3 of the 

head group glycerol. 

b) Paramagnetic ions interact differently with sonicated dispersions 

of PC and PG 

Th ff f . . M +2 d. E +3 1 e e ects o paramagnet1c 1ons, ~· n an u , on nuc ear 

magnetic resonances are determined by the nature of the ion and the struc-

ture and environment of the molecule with which the ion interacts 
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(Appendix 1). The effects of Mn+2 on the phosphorus and proton magnetic 

resonance spectra of sonicated PC and sonicated PG are different. The 

extent of broadening of the resonances of sonicated PC by Mn+2 is shown 

in Figure 2. The addition of increasing concentrations of Mn+2 to soni-

cated PC dispersions broadens and hence decreases the amplitude of the 

phosphorus and choline N+-(CH3)3 proton resonances. At 10-S M Mn+2 each 

of these resonances contains two components, one broadened and one 

unaltered .. At higher t1n+ 2 concentrations (approximately 10-4 M) a plateau 

is reached where additional increase in Mn+2 concentrations cauies no 

further decrease in peak height. The line width and chemical shift of 

the residual phosphorus and choline N+-(CH3)3 proton resonances are equal 

to those of the original peaks, whereas their areas are 37% of the initial 

peak areas. Resonication of the vesicles in the plateau regime (~,in 

the presence of 10-3 M Mn+2) results in broadening, beyond detection, of 

all of the phosphorus and choline N+-(CH3)3 proton resonances. At these 

concentrations there is no detectable effect of ~1n+ 2 on the intensity and 

line widths of the fatty acid proton resonances. 

Our interpretation of the data agrees with that of Bystrov et ~ 

(1971): Sonicated PC vesicles are impermeable to ~1n+2 ions, and hence 

the t4n+2 broadens only the resonances of nuclei which face the 11 outside" 

of the vesicle and are present at or very near the polar region. The 

plateau therefore arises when sufficient Mn+2 is added to broaden, beyond 

detection, the resonances which arise from the 11 outside" nuclei. The mag-

nitude and equality of the plateaus is in accord with the size of the 

single shelled sonicated PC vesicles and the bilayer•s thickness (Huang, 

1969). Thus resonication in the presence of Mn+ 2 results in the 
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intr6duction of the ion into the internal aqueous phase of the vesicles, 

and the consequent broadening of the 11 inside" as well as 11 outside 11 phos

phorus and choline N+-(CH 3)3 protoh resonances. 
+2 . . The effect of Mn on the phosphorus magnet1c resonance spectra of 

sonicated PG i~ shown in Figure 2. The addition of 7 x 10-6 M Mn+2 {less 

than one ion per vesicle), which is the lowest concentration examined thus 

far, to sonicated PG dispersions broadens beyond detection approximately 

60l of the original phosphorus resonance; no further change is observed 

on increasing the Mn+2 concentration up to approximately 10-4 M. The simi

larity in the intensities at the plateaus of the PC and PG 31 P resonances 

suggests that both types of vesicles have a similar ratio of 11 outside 11 to 

"inside" molecules, that sonicated PG vesicles are mostly single shelled, 

and that their size and shape are similar to those of sonicated PC vesicles. 

The cpNR line width of sonic~ted PG in the plateau regime (14Hz) is narrower 

than that in the absence of the metal ion (30Hz). By contrast, as noted 

above, the width of the ~NR of PC vesicles is the same at the plateau of 

[Mn+2] as it is prior to the addition of the ion. We have observed that 

the position of the PG phosphorus resonance at the plateau is shifted by 

0.32 ppm (8 Hz) to higher field than the initial resonance. A plausible 

explanation of this observation is that the resonance position of the 
11 inside 11 and "outside 11 PG phosphorus resonances differ by rv0.5 ppm. (The 

¢MR chemical shifts of phosphates and phosphate esters are dominated by 

the state of protonation, which suggests that the separation between the 

"inside 11 and "outs·ide 11 ct>MR may be enhanced by a pH gradient across the 

vesicle as well as observation at higher mag~etic fields.} 

Mn+2 concentrations higher than 10-4 M result in a gradual decrease 

.. 
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in the PG phosphorus peak height (Figure 2); hm'lever, the width of the 

residual line is unaltered. At these Mn+2 concentrations the sample 

becomes turbid and a decrease in the gross intensity of the PMR spectrum 

is observed, suggesting that the decrease in the intensity of the phosphorus 

resonance is due to ion leakage and vesicle precipitation. This interpre-

tation is supported by observations (Papahadjopoulus and Ohki, 1970; 

Ohki, 1972) that asymmetric addition of bivalent ions to sonicated phospho

lipid vesicles and to black membranes composed of anionic phospholipids 

induces their leakage and breakage. 

A comparison of the effects of Mn+ 2 on sonicated PG and sonicated PC 

suggests that the interaction of Mn+ 2 with PG is stronger than that with 

PC. This conclusion is based on the observations that, unlike with PC, 
+2 . 

Mn detectably broadens the fatty acid methylene proton resonances of 

PG, and that the phosphorus peak of PG reaches its plateau at signifi-
+2 cantly lower Mn concentrations than does the PC phosphorus resonance. 

These differences are not unexpected, since Mn+2 broadening depends on 

the binding constant and the nature of the complexes formed between Mn+2 

and the phospholipids (see Appendix 1). As is shown schematically in 

Figure 3, we can expect that the structural and organizational differences 

between PG and PC could cause their resonances to be differentially 

broadened by Mn+2. 

Another useful paramagnetic ion is Eu+3 which, unlike Mn+2, primarily 

shifts nuclear magnetic resonances when the chemical exchange between bound 

and free rare earth ion is rapid (Eaton and Phillips, 1965). This ion 

also has been employed by Bystrov et ~ (1971), who shm>~ed that \'/hen 

added to sonicated PC it shifts to higher fields the choline N+-(CH3)3 
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proton resonance which originates from PC molecules present on the 

11 0utside 11 of the vesicle. ~ve have extended these studies and investi-

gated the effect of Eu+3 on the PMR and also on the •MR spectra of 

sonicated PC and PG dispersions. With sonicated PC we found that Eu+3 

shifts part of the phosphorus resonance (Figure 4) and part of the choline 

N+-(CH3)3 proton resonance to higher fields. In both instances the unshifted 

component has the same line width as the original peak, and it retains 

approximately 37% of the area of the original peak, whereas the shifted 

component is broadened and contains approximatley 63% of the total area. 

The extent of the shifts. shown in Figure 5, was much greater for the 

phosphorus than fo~ the choline N+-(CH 3)3 peaks. Resonication in the 

presence of Eu+3 results in the introduction of Eu+3 into the vesicle's 

inner aqueous phase (Bystrov et ~' 1971), and therefore the resonicated 

vesicles have single phosphorus and choline N+-(CH 3)3 proton peaks which 

have the same line width and shifts as those of the shifted resonances 

prior to resonication. 

The interaction of Eu +J with sonicated PG \'las qui ::e different from 

its interaction with sonicated PC. By contrast with PC. the addition of 

Eu+3 to sonicated PG dispersionss did not significantly shift but rather 

broadened the phosphorus peak. We attribute this broadening to a lowered 

rate of exchange between bound and free rare earth, thus lending further 

support to the conclusion that the metals bind more strongly to PG than 

to PC. The extent of broadening paralleled the Eu+3 concentration and 

resulted in broadening beyond detection of the total phosphorus peak at 

l mM Eu+3; at approximately 5 x 10-4 M Eu+3, the vesicles began to leak 

and precipitate. In view of these observations, we chose to 
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employ Mn+2 as our initial probe in invest1gating the organization of 

PG and PC in co-sonicated vesicles. 

II. PG and PC within the Outer Monolayer of a Co-sonicated PG:PC Vesicle 

Are Not Segregated 

In co-sonicated PG:PC vesicles, the PG and PC phosphorus resonances 

have similar line widths (approximately 21 Hz). This contrasts with . 

what is ob~erved with pure PC and pure PG vesicles mixed together, as is 

shown in Figure 1. The narrowing of the PG phosphorus resonances upon 

co-sonication indicates that our co-sonicated vesicles each contain PC and 

PG molecules. This assertion is in accord \'lith previous experiments (Bangham, 

1968) which have shown that co-sonication of a mixture of phospholipids 

results in mixed vesicles. Further,. the narrowing of the PG phosphorus· 

resonance line to a width similar to that of PC suggests that in the co-

sonicated vesicles PG and PC do not reside in segregated environments, 

but rather are dispersed within the vesicle•s monolayers. 

A second line of evidence suggesting a non- 11 patched 11 arrangement 

within the outer monolayer, is the nature of the broadening by Mn+2 

of the phosphorus and choline N+-(CH 3)3 proton resonances. From the 

slopes shown in Figure 6 we observe that in co-sonicated vesicles the 

peak heights of the PG and PC phosphorus resonances decrease similarly 

with increasing Mn+2 concentrations, and that they are intermediate to 

those observed in the respective pure PC and pure PG experiments (Figure 2). 

This finding is incompatible with the existence, \'Jithinthe outer monolayer, 

of large aggregates of PG and PC (see Appendix 2). The data shown in 

Figure 7, that the choline N+-(CH3)3 proton peak reaches its plateau at 
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10\-Jer Mn+ 2 concentrations in co-sonicated vesicles than in pure PC vesicles, · 

further supports this conclusion. 

III. In Co-sonicated PG:PC Dispersions PG and PC Are Distributed Asym

metrically beu.,een the Inner and Outer Monolayers 

Analogously to what is observed with pure dispersions (Figure 2), 

the gradual broadening of the phosphotus resonances of PG and PC, by 

increasing Mn+2 concentrations, is followed by a plateau which extends 

from 10-5 M to approximately 10-4 M r~n+ 2 . (At higher concentrations 

there is further decrease in the intensity of the phosphorus resonances, 

probably resultin~ from vesicle leakage and precipitation.) Figure 6 

shows that the amplitude of the PC peak at the plateau is higher than 

that of PG. Since these residual resonances have similar line widths 

which are the same as those of the original peaks, and because the sum 

of their areas is 40% that of the unbroadened PG and PC resonances, we 

can conclude that the 11 inner 11 monolayer contains more PC than PG. The error in 

the intensity of the PG phosphorus resonance at the plateau is relatively large, 

due to the smaller amount of PG present on the 11 inside 11
; and conse-

quently only a qualitative statement can be made concerning the asymmetry 

of the vesicles. 

A more quantitative measure of the degree of asymmetry is provided 

by the PMR results shown in Figure 7. The plateau levels of the choline 

r-t-(cH 3)3 proton resonances in co-sonicated PG:PC and in pure PC vesicles 

are substantially different. For the co-sonicated vesicles, at the 

plateau approximately 40% of the original choline N+~(CH 3 ) 3 proton 

resonance is broadened while in pure PC dispersions about 63% is affected. 

. ' 
i 
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The 11 0Utside 11 monolayer in the co-sonicated, vesicles contains 60% of the 

total PG plus PC molecules; because only 40~; of the PC is on the 11outside 11
, 

we thus obtain that in co-sonicated vesicles there are t\-Ji ce as many PG 

as PC molecules facinq the 11 0utside 11
• These results cannot be accounted 

for by the possibility that co-sonication resulted in a heterogeneous 

population of symmetric vesicles. We thus conclude that the individual 

vesicles are asymmetric, and that on the average their outer monolayer 

contains blice as many PG as PC molecules. 

Discussion 

Our data suggest that PG and PC are distributed asymmetrically 

between the inner and outer halves of the bilayered co-sonicated disper

sions, and that within the outer monolayer (and possibly the inner mono

layer) these molecules are not arranged in large aggregates \'Jhich contain 

significantly more molecules in their center than on their boundaries. 

We may further infer from our Mn+2 experiments that at the concentrations 

employed, the ion does not induce the formation of su~h 11 patches 11
• The 

absence of large segregates may be explained by the fact that PG is nega

tively charged while PC is zwitterionic; due to the electrostatic repul

sion bebteen the PG molecules, their aggregation is 

energetically unfavorable. Although a conclusion regarding the precise 

arrangement of these phospholipids in the bilayer cannot as yet be made, 

a plausible arrangement is one in which the PG molecules are separated 

by the PC molecules, thus minimizing the electrostatic repulsion between 

the negatively charged PG. A similar pattern has been suggested for the 

arrangement of acidic and Z\·titterionic phospholipids in monolayers (Dav~son, 

1968). However, under suitable conditions different phospholipids may 
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segregate. For examp 1 e, those vii th fatty acids of different 1 engths and/or 

degrees of unsaturation may be separated at the appropriate temperatures 

into different phases (Ladbrooke and Chapman, 1969; Horwitz, unpublished 

results) and, further, arpropriate concentrations of polyvalent ions may 

induce the segregation of differently charged ~hospholipids. 

The observed as~nmetry of the co-sonicated vesicles is most likely 

due to the sma 11 radius of curvature of the vesicles and to the difference 

in the charge of the PG and the PC head groups. That is, since the co

sonicated vesicles are of a size similar to that of the PC vesicles, i.e., 

200-300 R (see Results section), the head groups of the molecules in the 

inner monolayer are packed more tightly than those in the outer monolayer. 

As a consequence, the electrostatic repulsion between the negatively 

charged PG molecules will be reduced in an asy~metric arrangement with 

more of the PG present on the 11 0utside 11
• The asymmetry of the vesicles 

is not induced by Mn+2 , since the distribution of PG and PC across the 

bilayer was unaltered by increasing r1n +2 concentrations (see Figures 6 

and 7). 

It is likely that the phospholipids are partitioned asymmetrically 

between the inner and outer faces of some biological membranes and that 

they are in part segregated within the plane of the membranes. Bretscher 

(1972) has proposed that in red blood cells the phospholipids are distri-

buted as~nrnetri ca lly between the faces of the membrane, and the observation 

that specific phospholipids are required for restoring the activity of 

several isolated membrane proteins (Steck and Fox, 1972) may be inter

preted to suggest that in the membrane some of the phospholipids are 

segregated. The presumed asymmetric organization of the phospholipids 



u 

-13-

may be of physiological importance; in particular, it may provide the 

proper matrices for enzymes which are located only on one side of the 
et a l. , . 

membrane (Douce/-r9/3; Fressenden-Raden and Racker, 1971). The assumed 

asymmetric and 11 patched 11 arrangement of the phospholipids may be deter-

mined by several processes. It might arise thermodynamically by the 

interactions between the membrane components, particularly those bet\'leen 

the phospholipids and the proteins and between phospholipids differing in 

fatty acids and head groups, it might arise biosynthetically, or it might 

arise by a combination of both. 

vJith reservations, the conclusions obtained from our experiments may 

be applicable to the problem of the organization of biological membranes. 

Some membranes such as the highly convoluted mitochondrial inne.r membrane 

and the membranes of neurotransmitter vesicles have radii of curvature 

similar to those of the sonicated vesicles. The size and shape of such 

membranes may affect the distribution of differently charged phospholipids 

bet\11een the t\'lo faces of the membrane .. Also, the electrostatic potentials 

present across many cellular membranes may modify the distribution of dis

similar phospholipids across the membrane. (Alternatively, a spontaneous 

transmembrane potential can arise from an asymmetric arrangement of phos-

pho lipids with differently charged head qroups.) He further infer that to 

the extent that acidic and z~;~itterionic phospholipids with similar fatty 

acids are segregated in biological membranes, such an arrangement does n6t 

arise spontaneously, but rather it is induced by other factors such as the 

membrane proteins and polyvalent cations. 

A useful approach for studying the problem of the organization of 

phospholipids in biological membranes may be to investigate the effect of 

paramagnetic ions on their phosphorus and proton magnetic resonance spectra. 
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~M~ is particularly suitable because in membranes the major phosphorus con

taining molecules are the phospholipids, and in addition, the observati~n 

that PG and PC phosphorus resonances have different chemical shifts and 

the likely possibility that other head groups also have different shifts, 

presents the potentiality of differentially studying the phospholipids in 

intact cellular membranes. Since the biological membranes examined thus 

far have broad phosphorus resonances (Davis, 1972), line narrowing tech

niques (Sarles and Gotts, 1958; l..,ehring et ~' 1971) and shift reagents 

including lanthinide and transition groups ions might be useful for 

these studies. 
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Appendix 1 

The broadening by Mn+2 of the resonances of nuclei present on the 

outer monolayer of sonicated phospholipid disperions can be treated simi

larly to the case of aqueous solutions of Mn+2 Equation 1 derived by 

Swift and Connick (1962) describes the broadening of the water proton 

resonance in a dilute t1n+2 solution. 

l/T2 - 1/T2 = pq/(T2m+ T) (1) 
0 

resoec;tivelv 
where r2 and r2 a~etthe proton transverse relaxation times in the presence 

0 

and absence of Mn+2, 12m is the transverse relaxation time of the nuclei 

when bound to 11n+2, Tis the lifetime of the water -t-1n+2 comple-x, q is the 

solvation number of Mn+2 in the complex, and p is the molar ratio of Mn+2 

to water protons. For the derivation of this equation it was assumed that 

, the protons are in two environments, bound to Mn+2 and unbound in the bulk 

solvent, and that the Mn+2 concentration is much less than the proton con

centration. In applying this equation to the nuclear resonances of phos

pholipids arranged in sonicated dispersions, two additional points should 

be noted~ First, the Mn+2 can be bound either to the phospholipids or 

free.in the bulk solution, and second, the phospholipids are arranged in 

a ti>JO-dimensional array which may affect the value or values of q. 
+2 Mn may fonn several types of complexes with the sonicated dispersions: 

each complex is characterized by the number of phospholipid molecules which 

are bound to the ion, j, and the number of water molecules, i , which are 
+2 displaced by the phospholipids from the first coordination sphere of Mn . 

+2 . 
We designate (Mn PL~] as the concentration of complexes where j phospho-

lipid molecules are bound to Mn+2, and a fraction i of these molecules 

is complexcd in the first coordination sphere of the ion. In addition, 
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the total concentrations of Mn+2 and the "outside" phospholipids are 
+2 ' represented by [Mn ]

0 
and [PL]

0
. Let us assume that a given phospho-

lipid does not exchange directly between t\'lo t·1n+2 complexes (this assump

tion is justified since in our experiments [r-1n+2]
0

<<[PL]
0
}, then eq. 1 

takes the form 

[f~n +2PL ~] 
( T j:,~ j -i [', - l/T2 - 1/T2 = [ 1 + 

i ,j [PL]
0 T j +-r~ 0 2m 1 2ni 1 

( 2) 

where T~ is the lifetime of the Mn+2PL~ complex, T 2m~ is the transverse 
1 

t'elaxation time of the resonances which arise from the i molecules \'Jhich 

are bound to the first coordination sphere of Mn+ 2, and T 2n~ is the trans-, 
verse relaxation time of the resonances which arise from the j-i molecules 

in the complex which are not bound in the first coordination sphere of the 

ion. The summation extends over all possible complexes. We define 

apparent equilibrium constants 

[HnPL~] 
d = 1 (3) 

1 [Mn+2Jf[PL]f 
+2 where [Mn ]f and [PL]f are respectively the concentrations of the free 

Mn+ 2 and the free "outside .. phospholipids. By combining eqs. 2 and 3 we 

get eq. 4. 

11 :: l/T2 l/T2 = I: 
0 i ,j 

d [t4n +2] 
1 0 

l+[PL]0 C.r.. K}) 
1 ,J 

+2 Let us assume that all the Mn complexes contain q phospholipid 

molecules, that the complexes have similar lifetimes, ,, and that in 

the complexes the transverse relaxation times of similar nuclei are 

equal and designated by T2m. If now we define an effective equilibrium 

constant 
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U'ln +2PL] 
Keff = +2 

[PL]f[tln ]f 
( 5) 

where [Mn+2PL] is the concentration of bound Mn+ 2 , eqs. 4 and 5 may be 

combined to give eq. 6a. 

(6a) 

In cases where the effective equilibrium constant is not known, an upper 

limit of 6 is given by eq. 6b. 

- [Mn+2]o q 
li = l/T2 - l/T2o ~ [PL]o(T2m+r) (6b) 

Employing eqs. 6a and 6b and the data from Figure 2, some parameters 

describing the intera.ction bet~>Jeen ~1n+ 2 and sonicated PC and sonicated PG 

dispersions can be estimated. A comparison of 11 for the "outside" phos

phorus and choline-N+-(CH3)3 proton resonances of sonicated PC reveals 

that their ratio is B. Assuming that Keff is the same for both nuclei 

and that the denominator in equation 6a is dominated by T2m, we obtain 

that the ratio of the T2 of the 31 P resonance to that of the choline-m 
+ N -(CH3)3 proton resonance is 8. Since T2m depends on the distance 

between the Mn+2 ion and the nuclei, the correlation times of the complex 

and the magnitude of the hyperfine interaction (Solomon, 1955; Bloembergen, 

1951), additional experiments are required before \'Je can employ the ratio 

of the T2m of the phosphorus and the choline-N+-(CH 3) 3 proton resonances 

1 1 h M +2 . ll for ca cu ating the ratio of their distances from t e n 1on. rowever, 

a reasonable interpretation of this ratio is that in the Mn+2-Pc complex, 

the ion is located closer to the phosphorus than to the choline-N+-(CH3)3 

protons. This interpretation is in accord with the data shown in Figure 5, 



-20-

which suggests that when Eu+3 is bound to the "outside 11 PC it is located 

closer to the phosphorus than to the choline-rt-)cH3) 3 protons (r1cConnell 

and Robertson, 1958; Eaton and Phillips, 1965). Our conclusion regarding 

the location nf the bound Mn+ 2 and Eu+3 agrees with studies of PC mono

layers (Shah and Schulman, 1967) which indicate that Ca+2 bound to PC 

monolayers is in closer proximity to the phosphorus than to the choline

+ N -( Cll 3) 3 protons. 

The deten~nation of T2m+• for the phosphorus and the choline-N+-(CH3)3 
protons is not yet possible since the equilibrium constant and q are not 

knm'ln. Ho\'lever, assuming q = 4, we calculated (using eq. 6b) an upper 

limit of T2m+• for the phosphorus and the choline-N+-(CH3)3 resonances 

to be 1.2 x 10-5 and 9.6 x 10-5 sec, respectively. Since the 11 0utside 11 

phosphorus resonance of sonicated PG was broadened beyond detection by the 

lowest Mn+2 concentration employed, only a lower limit for 1::. can be obtained 

for PG. Thus applying eq. 6b, we calculated an upper limit of T2rn+• to be 

7 x 10-6 sec. It is of interest to note that the 11 0utside 11 phosphorus 

resonance was broadened '-leyond detection by less than one ion per vesicle. 

This observation raises the possibility that a given ion broadens most of 

the 11 0Utside 11 resonances of a given PG vesicle before it diffuses to 

another vesicle. However, several diffusion processes can determine 

T:diffusion of Mn+ 2 from the complex into the bulk solvent, diffusion of 

Mn+2 to other PG molecules, and the exchange of PG molecules into and out 

of the Mn+2 complex; therefore we cannot as yet conclude which process is 

rate limiting. In any case, 7 x lo-6 sec is an upper limit for the fastest 

of these processes. 

From eq. 6a we see that the difference in the value of several 

parameters caul d explain the observation that ~1n +Z\ broadens the 11 0Utsi de 11 

' . 
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PG phosphorus resonance more than that of PC. Tl1is difference might 

arise from stronqer binding of Mn+2 to the negatively charged PG than to 

the zwitterionic PC, a smaller T2m for the PG 31 P res6nance than for the 

PC 31 P resonance, or both. 
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Appendix 2 
+2 The Mn broadening of the resonances of the nuclei present on the 

11 0utside 11 of co-sonicated PG:PC vesicles can be used to elucidate the 

spatial arrangement of PG and PC within the outer monolayer. i·J.e assume 

that Mn+2 is in equilibrium between being free in the bulk solution and 

being bound to the vesicles, that Mn+2 can form complexes, designated 
+2 Mn PL .. , vii th i mo 1 ecul es of PC and j mo 1 ecul es of PG, that a 11 the com-

1J 

plexes have the same total number of phospholipid mol.ecules q (i.e., q = 

i+j), and th~t in a given complex the same nuclei of the bound PC and PG 

each have a single transverse relaxation time which we designate respec

tively as T ZPC .. , and T 2PG... He further assume that the nature of the 
+2 1 J 1 J 

Mn Plij complex is independent of the neighbors of the PG and PC mole-

cules in the complex (this assumption may not always be valid, see last 

section of this appendix). Since in our experiments the total Mn+2 concen

tration, [Mn+2]
0

, is much smaller than the total coricentration of the 

11 outside 11 PC, [PC]0·, and of the 11 0utside 11 PG, [PG]0 , we may use the Swift 

and Connick equation (1962). Equation 1 is the expression for the r~n+ 2 

broadening of the 11 0utside 11 PC resonances. 
q 

E 
i=O 

i+j=q 

+2 [Mn PL..] 
1J 

(T 
i 

2PC .. +• · . ) 
1J 1J 

where •ij is the lifetime of each complex. A similar equation can be 

. f h p f f ~ +2 . . wn tten or t e G resonances. I \·Je assume that the ree f'1n 1s 1 n 

( 1) 

+2 equilibrium between the bulk solution and the Mn PL .. complexes, we may 
lJ 

define apparent equilibrium constants 
+2 . 

[Mn PL .. ] 
K •. = 1J 
lJ [ J [ +2 Plij f t-1n ]f 

K .. : 
lJ 

(2) 



I • 

\ . "" '} d -· ~ .... ; i,J ~~- ~· ~J ~,.,., u ,,-! ... , ~;} 

-23-

\•/here [r-1n+2]f is the concentration of lb+2 in the bulk solution and 

[PLij]f is the concentration of sites where Mn+2 bi~ds to i PC and to 

j PG molecules. Since [PLij]f is a function of the total phospholipid 

concentration, h'e may define {eq. 3) a proportionality constant, a .. , . lJ 

between these quantities. 

(PL .. Jf = a .. ([PC] +[PG] ) 
lJ lJ 0 0 

( 3) 

The proportionality constants may be affected by the ratio [PG]
0
/[PC]

0
, 

and may also be a function of the Mn+2 concentration. _.This coefficient 

is of great significance, since knowing its value for all the possible 

PLij is equivalent to knowing the spatial arrangement of PG and PC 

within the surface. Equations 1, 2, and 3 may be combined to give 

eq. 4. A similar expression may be written for the PG resonances. 
q 

~PC ::: l/T2 - l/T2 = r 
i K •. a .. ([PC] + [PG] ) 1 _ 

lJ lJ 0 0 (4) 

{l+([PC] +[PG] )( i K •. a .. )} (T2PC +T .. ) 0 i:-:0 
i+j=q o o i=O 1J 1J ij lJ 

i+j=q 

If we assume that t 4 e phospholipids are arranged in large patches 

\<lhich contain significantly more molecule\ in their center than on their 

boundaries, then eq. 4 

~ = _1 - ]_ = 
PC - T 

2 
T 

2 
0 

can be simplified to eq. 5, 
+2 

KpcD~n ]
0 

q 

where Kpc and KPG are the equilibrium constants of Mn+2 with PC and PG as 

defined in Appendix 1. A comparison of eq. 5 of this appendix and eq. 6a 

of Appendix 1 reveals that under this assumption the 110utside 11 resonances 

of both PC and PG should be broadened 1 ess \'/hen these mo 1 ecul ees are in the 

(5) 

co-sonicated vesicles than when they are in the respective pure vesicles. 

However, using the data shown in Figures 2 and 5, we find that the "outside 11 
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PC 31 P resonance is broadened more when PC is in the co-sonicated vesicles 

than when it is in the PC vesicles, whereas for PG the opposite holds. If 

we assume mor~ elaborate arrangements, then eq. 4 rather than eq. 5 has to 

be applied to our experimental results. Since eq. 4 contains more variables, 

the analysis becomes very complicated. However, with reasonable estimates 

of the relative magnitude of the unknown parameters our data suggest that 

PG and PC are not arranged in small patches even if the boundaries are 

included. Thus we may conclude that within the rmn experiment time scale 

PG and PC are not segregated in the outer monolayer of the co-sonicated 

vesicles; a more precise statement about the arrangement of these molecules 

in the bilayer cannot as yet be given. 

~Je made tvto simplifying assumptions in the derivation of eq. 4: that 

the Mn+2 forms only one type of complex with i PC molecules and j PG mole

cules, where ali'Jays i+J=q, and that the nature of the complex is independent 

of the nearest neighbors of the phospholipids in the complex. The first 

assumption is not a necessary requirement for showing that our data is 

inconsistent with a spatial arrangement where PG and PC are segregated 

into lar9e patches. The second assumption may not always be justified, 

but if most of the PG and PC molecules were segregated, then most of the 

Mn+2 complexes would have been in either~ PG or a PC environment and 

therefore this assumption would not have affected eq. 4. 
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Figure Captions 

FIGURE 1: Comparison of the ~MR spectra of PG and PC in sonicated dis

persions. a) 31 r spectrum of a mixture of 30 mM sonicated PG and 30 mM 

sonicated PC. b) 31 P spectrum of the same sample after co-sonication. 

FIGURE 2: The change in peak height relative to the original resonance 

vs. 11nC1 2 addition to sonicated PC and to sonicated PG dispersions. For 

PG the ~MR linevddth at the plateau was narrovJer than the initial resonance. 

This difference was accounted for by normalization of the ¢MR peak height 

(see text). Thus, for all the graphs the percent peak height at the 

plateau is equal to the detectable fraction of the original intensities. 

The concentration of the vesicles is indicated by (a), and the signal 
+2 intensities after resonication in the presence of Mn by (b). 

FIGURE 3: A perspective view of a bilayer illustrating possible spatial 

arrangements of the t\';10 different classes of phospholipids and some di f

ferent possib1e interactions bet\'leen neighboring phospholipids in the 

presence and absence of metal ions. 

FIGURE 4: 31 P spectrum of 50 mM sonicated PC, before and after the 

addition of 10 ni-1 Euc1 3. The external reference is pyrophosphate at 

pH = 9.0. "Outside 11 P corresponds to those phosphorus atoms in the 

outer monolayer, while 11 inside" P corresponds to those in the inner 

monolayer. 

FIGURE 5: Eu+3 induced chemical shift of 31 P and choline-N-methyl 

proton resonances of sonicated PC (50 mM). 
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FIGURE 6: The chan~1e in the peak height relative to the original 31 P 

resonance vs. NnCl 2 addition to 60 mM co-sonicated PG:PC (1 :1) disper-

sions. 

FIGURE 7: The change in the relative peak height of the PC N-methyl 

proton resonance vs. MnC1 2 addition to sonicated PC and to co-sonicated 

PG:PC (1 :1) vesicles. For the co-sonicated vesicles the PC N-methyl peak 

at the plateau (Mn+2 concentrations higher than 4 x 10-4 M) was broader 

(14Hz) than the original peak (9Hz). The data were normalized to account 

for this difference; thus for both plots the percent peak height at the 

plateau is equal to the detectable fraction of the original intensity. 
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