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’ H-, “C- and 3”P-Nhf R spectra of es-yolk phosphatidytcholine IFC). phosphatidytserine 6%) and phosphatidic acid (PA) 
and cosaticated mi_~tuws of these phospholipids were obtained fram ultrasonicatcd dispersions containing Pr*. Eu~. Cd% 
;md %f &I= iQZkS- 

The differences in chemical shift values, AND between the “inner” and “outer” ~~SOIKUNX signals far the diffcrcnt nuelci 
of the p&r iwad group of w-yolk ~hosp~atid~~ choline ps~vidc ~f~~atio~ about rbc average distances al the parruna~e- 
tic ion within the polar soups of the phospholipid n~o!ecuki. fn the PrC2H20),~/e~~-yotk phosphatidylcholine system the 
ions ue nearest to the pho~~ate and -CH$ZH2 group, respectively but rel;itivcly far from the NCCH3), ~‘“oup of the paLr 

head gtozt@ of the lipid 
The intee yralysis of the ‘HI-N&CR spectra. obtained from dispersions containing P? and Mn’+ ions cnabtcs us to al- 

c&ate the number of the polar: groups in both sides of the eggyolk Fh~~~~~ti~y~ch~l~~c biEayer, the size of the lipid vcsickz 
and to give some features Of the arra&$ement of the phoqholipid molecules in casonicated egs:-yolk Dhosphatidylcllofine/ 
~ho$~~~dy~~~~ uesiclles- At p’H 8.3 in P@PS mixtures aa extreme ~~~~~~~ is observed with PS preferentially in the 
outer side OF the membrane. This side contains approximately three times more PS than PC molcculcs 

Some ~~~~~n~ ae. made canceminp tie quantitative integral analysis of proton-noisc: decoupled ” P-NM R spectra tls 
obtained from similar phaspholipid mixtures by Michaelsan et al. and Berdcn et aI_. 

I. Introduction AS rtlported by Bystrov et al. [3] the: addition of 
EuCI, ta a lecit6in dispersion gives rise to a splitting 

of the t~~ethyl~~Q~iurn signal from the phospholipid 
in the t H-NMR spectrum, and, upon the addition of 
MnCi,_ the IzigMieid peak (from the extema! p&r 
groups) disappears. The synthetic bilayer membrane 1s 

impermeable to the ions and only the phospholipi2 
molecufes in the outer monolayer are interacting with 
the ions, 

The integral analysis of the relative peak areas can 
be used for eva~uat~g the number of the polar gro;lps 
in the inner and outer layer, the size of the phosphoKpid 
vesicle and the dist~but~o~ of the phos~holipid mote- 

_ cules in cosonicated vesicles [4-61. 
F~r~e~ore, the use of ‘“shift probes”’ provides the 

possibility to study the orientation of the hydrated 
par~a~~ti~ ians relative to the different nuclei of the 

poIar group. 
In this paper, firstly we report a more detailed study 

of the interaction of Pr3+, Gd3” and Mn’lt ions with 
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by means of ’ H-, 13C- and 31P-NMR measurements. 
Secondly, we report our observations concerning the 
distribution of the phosphohpid molecules in an equi- 
molar mixture of cosonicated PC/f5 vesicles. 

The results presented here demonstrate that high- 
resolution NMR measurements can be used for a more 
exact localization of the sites of interaction with the 
ions and for demonstrating an asymmetrical partition 
of the molecules between the inner and outer faces of 
the vesicles in the PC/F’S mixture. 

2Materiats and methods 

Eg-yolk phosphatidylcholine was extracted from 
egg-yolk and purified by column chromatography em- 
ploying the well-known procedures of Singleton et at. 
[7] and Dawson et al. [S] _ 

Phosphatidylserine ex bovine brain was purchased 
from Koch-Light Lab., Colnbrook, and was purified 
as well by chromatography_ 

Phosphatidic acid was obtained from PC by elimi- 
natin enzymatic&y (phospholipase D &I the presence 
ofCa!+ - Ions) the choline group following the proce- 
dures of Rates et al. [9] and Papahadjopoulos et al. 
[lo] _ After extraction of the reaction products with a 
solution of CHCl,/CH,OH (1: 1) and a subsequent ex- 
traction with the same volume of pure CHCl, - thin- 
layer chromatography indicates complete yield - the 
phosphatidic acid was converted to the sodium salt by 
some extractions with 1 M aqueous NaCl solution. 

For obtaining ‘H spectra 200 mg of the lipid were 
dissolved in CHC$ and treated as described previously 
[ 1 ] except that the dispersions were made in ‘H20 
(99.75%, E. Merck, Darmstadt). 

To get welL resolved 13C and 32P spectra 800 mg 
and 400 mg of the lipid, respectively were used for pre- 
paring the sonicated vesicles. In addition the dispersions 
for the 31P measurements contained 10m6 M ethylene- 
diamintetraacetic acid to avoid interferences from para- 
magnetic traces. 

Cosonicated PC/PS, PC/PA and PS/PA vesicles were 
prepared in the same way from.equimolar amounts of 
PC, PS and PA. 

All experiments were performed in 2$0 without 
buffer at about 2H 6.4 - if there is no additional re- 
mark. Pr3+, Eu K , Gd3+ and Mn2* ions were added as 
small volumes of aqueous solutions of Pr(N03)3 - SH,O, 

Eu(NO~)~ - SEi,O, Gd(NO,), - 5H,O (Koch-Light Lab., 
Colnbrook) and MnCl, -4H20 (E. Merck, Darmstadt) 
to the phosphohpid dispersions after sonication- 

’ H-NMR spectra were recorded at 30°C on 2 Varian 

HA-100 spectrometer with a 2% solution of C6H6 in te- 
tramethylsilan (TMS) as external standard. The C,H, 
signai at 7.23 ppm was use! as reference signal for in- 
tegrating the signal of the N(CH,), group. 

r3C- and 3’P-NMR spectra were obtained at 26OC 
by using the Fourier-transform technique on a Bruker 
HX-90 spectrometer with heteronuclear 2H-lock system 
o erating at 22.63 MHz for 13C, and 36.43 MHz for 
3P P resonance, respectively. The data were accumulated 
in a 8k-Nicolet 1080 data system (mode1 B-NC i2). 
Typically, 10000 pulse repetitions for 13C and 70000 
pulse repetitions fcr 31P measurements were accumu- 
lated. To obtain simplified spectra and to rhnprove sen- 
sitivity the proton-noise decoupling technique was used 
(symbols: 13C- {’ H) 1 31P- {‘HI). The shortcomings in 
such a decoupling are that one has to know the nuclear 
Overhauser enhancement (NOE, [l 11) for exact inte- 
gration (see sections 3.3 and 4)_ 

3. Results 

3. I. ’ H-. 13C- and 31P-N&iR spectra of egg-yolk phos- 
phatidylcholine as obtained from dispersions containing 
Pgf, Eu3* and G2’ ions 

As mentioned above the addition of Eu3’ ions to 
egg-yolk lecithin in aqueous dispersion causes the sphtt- 
ing of the signal of the N(CH3)3 protons of the phos- 
pholipid. The further addition of Mnz9 ions gives rise 
to a disappearing of the high-field component (signal 
from the N(CH,), groups in the external face of the 
bilayer] . Fig. 1 shows the 100 MHz r H-NMR spectrum 
of PC obtained after addition of 6.4 mM Pr3+ ions. The 
magnitude of the chemical shift produced by these ions 
was approximately 11.0 Hz larger than that one caused 
by Eu3c ions at the same concentration. 

The integral analysis of the relative peak areas leads 
to the result that - corresponding to an intensity ratio 

If IIf = Lmx&x!r of 1.80 - 35.7% t 1.5% of PC mole- 
cules are in the inner layer of the vesicle under the ex- 
perimental conditions of preparation mentioned above 
(compare [3,4] ). We interprete the observation that 
the intensity ratio +/I, remains unaltered with increas- 



ing IF -ion ~o~~nt~a~o~ in such a manner thaE all 
extemaE polar graups are equivaient, i.e., these is a sa- 

pid exchange of met~I ions between the interzuzting 
sites which ale f&rly ~~f~~y ~~t~~l~ted over the 
surface of the vesicle. 

Fig. 2 shows the 13C- {‘Ml NMR spectrum of PC 
in ~ltr~~~~~ted dispersion in the r4zgiion ~f~-8~ 
ppm relative to TMS obtaked after addition of 29 IT&¶ 
Pt3* ions. The signal of the &(CH,), group also splits 

ingo #WQ c~rnp~~~~~_ The difierence in ~~~rn~~ 

Is 2263 Hz at nearly the same r&o of&Z molecules 
to Pr3+ ions as in the dispersions used, for recording 

t 
80 

a,b,C d,e 
PII 

Fig- z_ xk63 MHz f3c- {” pf) NMR spfmra af egg-yolk plzos- 
phatidylcholine (0.2 $I) in ultrasonicated dispersion in the rc- 
2q&1n of 40-80 ppm rehtive to ThCS 3t ;1 temperature of 26°C. 
AbovelLk in 2HzQ_ BeI~w(2k after addition of Pr3+ ions <3-4 
rtM)- The ass?gnmtznt of peak f and f is the ame as in fg_ 1.. 

the IEi spectra, Furthermore, the signals of the $ycerol 
backborre fa,b,c) and @he -CH,CH, group (d,e) are 
shifted downfield. The values of the chemical shift dif- 
ferences produced by the interaction of the ions with 
these groups are 38.48 ‘H[z (a&$ and 65.63 Hz (d,e). 
One can suppose from these observations that thee in- 
teraction is,not restricted to the protons of the N(CH3)3 
group but &SO effects ,the magnetic properties of the 

neighbowing atoms or groups. 
Fig. 3 shows the 311P- {‘Hf NMR spectrum of PC 

obtained after addition of 15 IBM P? ions. The phas- 
phorus signal splits into two components of which the 
down-field one Is condderably more broadened than 
the signals in the ’ H and ‘%Z spectra (see figs. I and 

2). This observation inldicates that there is a strong in- 
teraction which leads to a strong increase in the refaxa- 
tion rate of the phosphorus Tht: v&e of the chemical 
shift difference is 356 Hz at nearly the same ratio of 
PC morectdes to pr3+ 
obtaining the ’ M and 

i.ons as in the dispersions used for 
1.3C spectra. It $xoWs th3.f. thf! in- 

teraction of the polar groups with the ions especially 
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I , r I 1 

-15 -10 -5 0 5 1 

Gppm relative to I-l3 PO& 

l=‘g 3. 36.43 MHz 3’P- {‘H)NhfR spectra of q&yolk phor 
phatidylcholin$ (0.1 hl) in uitrasonimted dispersion at a tem- 
perattIre of 26 C. Above(l): in *H,O. BeIow(2): after addi- 
tion of Pr*-cions (15 mhf). The assigrm~nt of peak f and f’ is 
the umc as in ti% I. The peak at 0 ppm is the resonance of the 
phosphorus reference of HJPO~. 

.&ppm relative !oTMS 

Fig. 4. &(CH 3)3-resonance signals of ‘H-NhfR spectra of egg- 
yoIk phosphatidyhzholine (O-OS hI). Above(l): in ‘HtO. Be- 
low(2‘: after addition of hd’ _ I 10ns (0.55 m&f). 

-10 -5 0 *5 +lO 
bppm relative 10 H$JOL 

Fig. 5.36.43 h1I-h “P- {‘H)NMR spectra of ez-yolk phosptra 
tidylcholinc (0-L M). Above(l): in *H?O. Below(Z): after addi- 
tion of hd’ ions (0.9 mhl). 

influences the magnetic properties of the phosphorus 
atoms. 

3.2. ‘H- attd 3rP-N~fR specm of egg-yolkphosphatidyl- 
choline and phosphatidykerine as obtained from disper- 

srbns contaitzittg~fn2’ ions 

Figs. 4 and 5 show the &CE13J3 peak of a ‘H-NMR 
spectrum of PC and the 3* P- { H) NMR spectrum of 
PC obtained after addition of Mn*+ ions (0.55 mM and 
0.9 mM, respectively). The signal height and integral in- 
tensity decrease with increasing Mn2f-icm concentration. 
After the addition of 0.1 mM MnC12 and higher salt 
concentrations the resonance signals remain unaltered 
in its structure. The peak area is eventually only 35.3% 
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PC 

PS 

3.3. ‘H- Qtld “F-NMR speclra of cosorticated mixtures 

of egg-yolk phosphaGdyl&oiine end phosphatidybenble 
as obtained from dispersions conrainingMn2t ions 

Before elucidating the spectra as obtained from mix- 
tures in the presence of Mnzf ions we may consider 
some features of the 3LP spectra in the absence of those 
ions. 

Fig. 6 shows the 3* P- {’ H) NMR spectrum of a co- 

sonicated mixture of PS and PC at p”H 8.3. 
The line widths of the PC and PS phosphorus signals 

in cosonicated dispersions are equal to those for pure 
PC and PS vesicles, respectively and have values of 10 
Hz f 1.2 Hz. Our interpretation of these observations 
agrees with that of Michaelson et al. [4] who analysed 
mixtures of eg-yolk phosphatidylcholine and phos- 

phatidylglycerol: 
l- 

-10 
bOC . .nn relative to ii3 PO‘ 

Fb 6_ 36.43 MHz 3’.?- CH)NBIR spectrum of a cosoniuted 
mixture (L:L) of egg-yolk phosphatid&holine (PC) and phos- 
phatidyLserine (L5) at p*H 8.3. 

(1) Each cosonicated vesicle contains PC- and PS- 
molecules. 

(2) The molecules are not present in separated blocks 
but rather are dispersed at least within the outer mono- 
Iayer. 

f I.l% of the original intensity_ This value agrees very 
well with the vaIue obtained by integral analysis of the 
t H spectra of a PC dispersion in the presence of Pr3+ 
ions (see section 3.1). 

The paramagnetic ions cause a decrease of the phos- 
phorus peak area (see fig. 5) such that eventually 41.6% 
of the original intensity is left in the spectrum. This 
value agrees only in the order of magnitude with the 
value obtained from the t H measurements. Two ex- 
planations may be considered: 

The two phosphorus signal heights of the PC/PS mix- 
ture (see fig_ 6) differ greatly. This observation is in 
contrast to the results of measurements on mixtures 
investigated by the authors mentioned above although 
we got optically clear dispersions of a molar ratio of 
1: 1. We assume that the nuclear Overhauser contribu- 
tion to the phosphorus resonances of PC and PS, re- 
spectively are different and one has to be cautious in 
interpreting the integrated peak areas of proton-noise 
decoupled spectra without knowing the exact Over- 
hauser enhancement of the signal. 

(1) The average vesicle size is larger, since an in- 
creased lipid concentration has been used for preparing 
the dispersion. 

(2) The nuclear Overhauser enhancement has been 
altered in the presence of MnZf ions (cf. section 3.3). 
For our present purpose we therefore may confine to 
the ‘H spectra by analysing the integrated peak areas. 

Table 1 
Chemical shift values of the phosphorus signals of egg-yolk 
phosphatidylcholine (PC). phosphatidylserine (P’S) and phos- 
phatidic acid (PA) in cosonicated vesicles as a function of p2H 

Mixture Chemical shift 
(6 ppm rehtive to Hal?Oa) 

p2 H VzIue 

On the assumption that there is a spherical double 
layer of 47 A thickness [12] and an equal packing den- 
sity at both sides of the membrane we obtain an aver- 
age vesicle size of 364 A in diameter which is the char- 
acteristic mean size of vesicles in ultrasonicated dis- 
persions which have not undergone a gel permeation 
chromatography [ 12,6] - 

PCIPS 
PC/PA 
PC/PA 
PS/PA 

PSIPA 

tO.96jtO.46 8.3 

+0.87/- 1.26 8.3 

+O.Sl/-3.98 12.4 

+0.40/- 1.92 8.3 

+0.23/-3.94 12.3 
-- -.- _. .-__-___ 
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The chemical shift values of the phosphorus signal 

of PS slightly depend on the p2H value, whereas the 

PA signal shows a strong dependence upon ionic strength. 
Table 1 summarizes the chemical shift data of PUPS, 
PC/PA and PS/PA mixtures as a function of some p’H 
values. 

In the phospholipid mixtures the Lignal height and 

integral intensity of the proton resonance of the 
$CH3Js group decrease with imreasing MnZf ion con- 
centration in similar way as in pure PC dispersions. The 

integrated peak area, however, eventually is 67.4% + 
2.5% of the original intensity in contrast to 35.3% in 
pure PC dispersions. On the assumption tif similar size 
and shape of the mixed vesicle there are also 35.3% 

of the total PC and PS molecules in the inner Iayer of 
the vesicle. Since the mixed vesicle contains 32.6% of 

the PC molecules in the outer monolayer - the intensity 
of the I?(CH3)3 resonance originates only from the PC 
molecules - thz number of PC and E’S molecules in 
both sides of the membrane can be evaluated if the 
cross-sectional area, F, per lipid molecule is known. On 
the assumption of similar molecular area of both lipids 
(F = 55 A- [ 131) the outer siie of the mixed vesicle 

Mnz* - con concentrotmn (Ml 

Fig. 7. The values of the relative signal heights, Z&lo. of the 
phosphorus resonances in a cososicated mixture (I : 1) of egg- 

yolk phosphatidylcholine (PC) and phosphatidylserine (E’S) as 
a function of hIn’+-ion concentration. 

contains approximately three times more phosphatidyl- 
serine than egg-yolk phosphatidylcholine molecules 

while there are only approximately 5% of the total PS 
molecules in the irmer layer. The PC and PS molecules 
seem to be characteristically partitioned between both 
sides of the membrane and leaving it asymmetrically 

[14,4,51- 
Fig. 7 shows the values of the relatp signa! heights 

l,JIo of the phosphorus resonances of a cosonicated 
PC/PS mixture as a function of the Mn2+-ion concen- 

tration. The values of the intensities decrease with in- 

creasing Mn 2+-ion concentration in a similar way for 
both lipids but a different intensity ratio is obtained 
after reaching the “plateau”. Working on the basis of 

the results of the ‘H measurements one has to conclude 
that the phosphorus resonance of PS has nearly to dis- 
appear whiIe tLe signal of PC should decrease to a value 

of again approximately 67.4% of its maximum value. 
This is, however, not observed! Since the ‘H measure- 
ments are unambiguously tc interpret and well to re- 
produce we conclude that the nuclear Overhauser en- 

hancement has been changed by the addition of the 
MI? ions. For this reason we think that it is not pos- 
sible in the present state of work to calculate the dis- 
tribution of, e.g., PAlPS mixtures because no one of 
these two lipids has an appropriate polar head group 
feasibie for investigations by normal cw ‘H-NMR mea- 
surements- 

4. Discussion 

While the PRE measurements [l] see the polar head 
group of the phospholipids as an only interacting site 
and lead to a formal description of the “ion-lipid com- 
plex” the analysis of the high-resolution NMR experi- 
ments permits us to inform about some particulars con- 

cerning the sites of the interaction with the paramag- 

netic ions. As you can see from table 2, the difference 
in chemical shift, AN, between the “inner” and “outer” 
resonance signals of PC dispersions in the presence of 
Pr3+ _ Ions is the largest for the phosphorus rescnance. 

The chemical shift value for a nucleus N depends 

upon the reciprocal cube of the distance rN from the 
paramagnetic ion (see e.g., [ 151). This fact involves that 

* The signal heights were corrected with regard to equaI signal/ 
noise ntio. 



Tabk 2 
DifFerenrxs in chemical shift vaiu~, AN, between the “inner” 
and “outer” resunance signals of the polar head gsaup of egg- 
yoIk ~b~~~tidy!ch~tin~ in ffie presence of Pr” ions ancf the 
chemial shift differeras, A3lp/A~, (see discussion) for the 
different nuclei relative to phosphaus as unity 

the shift vaIues induced by the P? ions can be inter- 

preted in terms of molecular geometry. A reasonable 
qua~ta~ive interpretation of the data summar~ed in 
table 2 is that in the ““ion-lipid complex” the Pr3+ ion 
is IocaIi~ed closer to tie phosphate group &an to the 
fi(CH,)3 and the other groups. To emphasize this in- 
t~~ret~tion the ratios of the chemi& shift differences 
for the different nuclei relative to phosphorus as unity 

are also summarized in table 2. 
Since we do not know the exact st~~~och~mist~ of 

the metal ion interaction with the phospholipid head 
gr;raup it &z not possible in the present state of work to 
give information about the absolute distances of the 
pa~ma~et~c ion within the polar groups of the phos- 
phoIipid molecules. 

The negatively charged phosphate groups appear to 
cause an increased probability of fmding the paramag- 

n&e ion in the favoured p~~~~~~~s rnent~~~~~ above 
and hence effect the magnetic properties of the Mn’+- 

aqua complex [I 1 as well as the properties of the neigh- 
bouring nuclei of the phosphorus even if in a srnakr ex- 

tent. 
A quantitative integraf analysis of the “P- {t N} 

NMR spectra is not possible without the knowledge of 
the exact n~~Le~~ ~verh~~ser ~~~~~rne~t (see s~&tions 
3.2 and 3.3)! 

It should be noted that such a 3LP analysis for miu- 
tures of zgg-yolk phosp~.atidylchoiine/phosphatidyE 

glycerol 2nd phosphatidylethanolamine, respectively 
has been made by ~~i~ha~~so~ et al. [4,5]. They have 
found that 6%65% of the total lipids take the outside 
surface of these ~~so~ic~t~d vesicfes, ‘I&is ~~n~~usio~, 

however, cannot be frawn from the 3f P measurements 
until one has obtained a dear ~nf~~a~i~~ about the 

Overhauser enhancement in phosphoIipid dispersions. 
The statement (cf_ point 1, section 3.3) &hat the 

molecules are not present in separated blocks but rather 
are dispersed at least within the outer monolayer can 
be explained by the ~~gat~v~ charse of the phospba~idyI- 

serine head group. Because of the electrostatic repulsion 
between the PS mofecules a block f~~at~a~ seems to 

be energeticaliy unfavourable (compare [4x). A separa- 
tion of the PS molecules by the PC molecules can r:- 
duce the rqx~fsion between the PS molecules to a mini- 

mum. Furthermare, the repulsion between the nega- 
tively charged he;ld gruups of the PS molecules will be 
minimized in a~ asymmetrical distribution - where 
nearly all ITS malecuIes are in the outer layer - since the 
pofar groups of the mixed vesicle are Iess tightly packed 
in the outer monolayer than those in the inner one. 

fn a recently p~b~i~~d paper, Berden et al. [6] re- 
port - among other things - a 3LP-NMR study on the 
~~a~ge~e~t of egg-yolk lecithin and phos~hatid~I- 
serine (3:2) in casonicated vesicles. The authors come 
to the result that in such mixtures phosphatidylserine 
has a preference for the inside mono’fayer in the pZH 
range of 4.6-7-Z! They conclude that the distribution 
becomes symmet~~~~y at p”H trah.tes between 8 and 9 
and asymmetrically again - now phos 

? 
hatidylserine 

rn~r~ at the outside - at still higher p-H vaks. These 
restdts were interpreted in such a manner that not the 
difference in the ch-,,ge of both lipids is the most im- 
portant Factor in determining the distribution but the 
relative smallness of the polar head group of phospha- 
~dylse~e_ Our resuft that In PCfPS mixtures at p%I 
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8.3 where PS exists in the form of its disodium salt [I61 

an extreme asymmetry is observed with E?S preferentially 
in [he outer side of the membrane is, however, not nec- 
essarily in contradiction to the fmdings of the authors 

cited above_ Since the average diameter of our vesicles 
is somewhat larger than the diameter of the vesicles in- 
vestigated by EJerden et al., the difference in the radius 
of curvature between the inner and outer layer is not 

so markedly pronounced in our vesicles. For this rea- 
son phosphatidylserine in our case seems to have a pre- 
ference for the outside at lower p2H vaIues so that the 
difference in charge of the polar groups should be really 
the dominant factor for the observed asymmetry. 

Therefore it is necessary to take the charge and struc- 
ture of the polar groups into account as well as the size 
and shape of the mixed vesicle when interpreting the 
results of measurements concerning the arrangement 
of phospholipids in cosonicated vesicles. Furthermore, 
the comments as noted above for the integral analysis 
of 31P- (’ H} NMR spectra are also relevant to the 
work of Berden et al.. 

The simultaneous use of “relaxation and shift probes” 

have shown the possibility of obtaining some essential 
structural parameters in model systems for membranes. 
As seen in the discussion above the treatment of some 

important problems like integra1 analysis of proton- 
noise decoupled spectra and quantitative evaluation of 
the chemical shift data is still in a preliminary state of 
development, but we think further relaxation- and shift- 

NMR measurements to be very useful in providing in- 
formation about the orientation of the paramagnetic 
ions relative to the different nuclei of the polar head 
group as well as about the asymmetrical distribution 
in phospholipid mixtures. 
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