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Deuterium nuclear magnetic resonance (2H-NMR) was used to investigate the structure and dynamics of 
the m-2 hydrocarbon chain of semi-synthetical choline and ethanolamine plasmalogens in bilayers contain- 
ing 0, 30, and 50 tool% cholesterol. The deuterium NMR spectra of the choline plasmalogen yielded 
well-resolved quadrupolar splittings which could be assigned to the corresponding hydrocarbon chain 
deuterons. The m-2 acyl chain was found to adopt a similar conformation as observed in the corresponding 
diacyl pbospholipid, however, the flexibility at the level of the C-2 methylene segment of the plasmalogen 
was increased. Deuterium NMR spectra of bilayers composed of the ethanolamine plasmalogen yielded 
quadrupolar splittings of the C-2 segment much larger than those of the corresponding diacyl iipids, 
suggesting that the sn-2 chain is oriented perpendicular to the membrane surface at all segments. Cholesterol 
increased the ordering of the choline plasmalogen acyl chain to the same extent as in diacyl lipid bilayers. Tt 
relaxation time measurements demonstrated only minor dynamical differences between choline plasmalogen 
and diacyl lipids in model membranes. 

Introduction 

Plasmalogens (1-(O-alk-l'-enyl)-2-acyl-glycero- 
phospholipids) are not only major constituents of 
the membranes of many anaerobic procaryotes 
[1-6] but also make up a large part of the phos= 
pholipids in most mammalian tissues. In the heart 
and in the white matter of the brain, for instance, 
they represent approx. 30~ of the total phos- 
pholipids [7]. The biological role of plasmalogens 
is essentially unknown. It is noteworthy, however, 
that a genetic defect in plasmalogen synthesis as 
observed in the cerebro=hepato-renal (Zellweger) 
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syndrome and in similar peroxisomal disorders, is 
associated with severe cellular dysfunctions [8]. 

By studying the radii and packing-characteris- 
tics of unilamellar vesicles prepared from choline 
plasmalogens with defined hydrocarbon chains in 
the sn-2 position of the glycerol moiety, Hermetter 
et al. found larger vesicle radii for the choline 
plasmalogen than for the corresponding diacyl 
lipid, whereas the overall packing density of the 
bilayers of both types was the same [9]. Upon 
addition of 30 and 50 mol% cholesterol they ob- 
served an increase of the vesicle radii which was 
most pronounced in the case of the choline plas- 
malogen samples. For the latter, unilamellar 
vesicles could no longer be obtained at a 
cholesterol concentration of 50 mol% whereas un- 
der the same conditions the diacyl and alkyl-acyl 
analogues still formed bilayer vesicles. From these 
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and other results the authors were led to conclude 
that the double bond in the alkenyl moiety had a 
more pronounced influence on the structural 
organization of phospholipid/cholesterol mem- 
branes than the fact that this chain was linked to 
the glycerol backbone by an ether linkage. 

The purpose of the present study was to char- 
acterize by 2H-NMR the structure and dynamics 
of plasmalogen model membranes containing 
choline and ethanolamine head groups and to 
investigate the influence of cholesterol on such 
membranes. To this end, the choline and 
ethanolamine plasmalogens were selectively deu- 
terated at the C-2 or the C-9,10 carbon atoms of 
the sn-2 hydrocarbon chain. 2H-NMR spectra of 
pure plasmalogen membranes and membranes 
containing admixtures of either cholesterol or di- 
acylglycerophosphocholine were recorded at dif- 
ferent temperatures. Furthermore, in order to pro- 
vide insight into the dynamics of plasmalogen 
membranes the deuterium T1 relaxation times were 
determined as a function of temperature a n d  
cholesterol composition. 

Materials and Methods 

Deuterium-labelled choline plasmalogens. Semi- 
synthet ic  1-O-alkenyl-2-[2 ' ,2 ' -  2H 2]oleoyl-sn- 
glycero-3-phosphocholine, 1-O-alkenyl-2-[9',10'- 
2Hz]oleoyl-sn-glycero-3-phosphocholine and 1- 
O-alkenyl-2-[2',2'- 2 H 2 ]oleoyl-sn-glycero-3-phos- 
phoethanolamine were prepared as described 
earlier [10]. The hydrocarbon chain in position 1 
of glycerol consisted of approx. 70% l'-hexa- 
decenyl moieties. The lipid was thin-layer chro- 
matographically clean. 

Cholesterol. Cholesterol was purchased from E. 
Merck AG, recrystallized four times from absolute 
ethanol and dried under high vacuum for 48 h 
before use. 

Preparation of multilamellar vesicles. Typically 
10 mg of lipid was dissolved in dichloromethane 
and transferred to an N M R  sample tube where 
the solvent was removed under a stream of nitro- 
gen. The lipid was further dried under high vacuum 
for at least 48 h until no further change in weight 
was observed. The dry lipid was resuspended in 
pure deuterium-depleted water by extensive 
vortexing. The final water content in all samples 

was about 66% (w/w). In the case of the cholesterol 
containing samples, the appropriate amount of 
cholesterol was dissolved in 0.5 ml dichloro- 
methane and added to a defined amount of dried 
lipid in the N M R  sample tube. The mixture was 
vortexed to assure a homogeneous l ip id /  
cholesterol solution. The solvent was removed un- 
der nitrogen and the sample dried under high 
vacuum for at least 48 h. The sample tube was 
weighed again to determine the exact amount of 
the added cholesterol. Finally, the lipid-cholesterol 
mixture was resuspended in deuterium depleted 
water. 

We were unable to obtain a homogeneous dis- 
persion of the pure ethanolamine plasmalogen in 
water. However, when the ethanolamine plas- 
malogen was first mixed with unlabelled 1- 
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine in 
a ratio ehtanolamine p lasmalogen:POPC of 
1:0.85 (w/w) a homogeneous liquid-crystalline 
bilayer phase could be obtained without difficul- 
ties. 

:H-NMR spectroscopy. 2H-NMR spectra were 
recorded on a Bruker CXP 300 FT-NMR spec- 
trometer operating at 46.1 MHz, employing the 
standard quadrupole-echo sequence with a 90 ° 
pulse of 3.5 #s and a waiting period between the 
two successive 90 ° pulses of 30 /*s [11]. The 
recycle delay and the spectral width were 250 ms 
and 62.5 kHz, respectively. The measuring time 
was of the order of I h / spec t rum and the temper- 
ature controlled within 0.5 °C by a thermostati- 
cally regulated gas flow system. 

Deuterium T 1 relaxation times of the plas- 
malogens in multilamellar vesicles were obtained 
using the standard inversion-recovery pulse se- 
quence (180°-r-90 °)  followed by the quadrupole 
echo observation sequence. For the determination 
of one T 1 value at least 10 experiments with r 
varying from 0.1 to 300 ms were performed. The 
experiments were evaluated by performing a three 
parameter non-linear Marquardt fit on the average 
height of the two 90 ° orientation peaks of the 2H 
powder-type spectra according to the equation 
[12] 

M(~')  = P ( 3 ) [ 1 -  {1 + P ( 2 ) ( 1 - e x p [ -  w/P(1)])} 

Xexp( - , r /P (1))] 



P(1), P(2) and P(3) denote the parameters to be 
fit, i.e. T~ relaxation time, effective flip-angle and 
infinity magnetization M(oo), respectively. MOO 
denotes the magnitude of magnetization at t = ~" 
and w stands for the recycle delay time, thereby 
accounting for saturation effects. By using the 
above equation the major sources of systematic 
error, that is errors in the pulse flip-angle and 
errors in determination of the infinity magnetiza- 
tion, are minimized. The error limits given refer 
to + the standard deviation of the mean. 

Results and Discussion 

Typical 2H-NMR spectra of liposomes com- 
posed of either 1-O-alkenyl-2-[2',2'-2H2]oleoyl - 
sn-glycero-3-phosphocholine or 1-O-alkenyl-2- 
[ 9 ' , l  O '- 2 H 2 ]oleo yl-sn-glycero- 3-phosphocholine in 
pure form and with varying proportions of 
cholesterol are shown in Fig. 1. All spectra exhibit 
the typical line shape of liquid-crystalline bilayers 

TABLE I 

COMPARISON OF THE QUADRUPOLAR SPLITTINGS 
AVQ OF THE sn-2 HYDROCARBON CHAIN DEU- 
TERONS OF PLASMALOGENS AND DIACYL PHOS- 
PHOLIPIDS 

Segment Lipid Temp. Quadrupole 
( o C) splitting 

(kHz) 

C-2 choline plasmalogen 0 19.3, 15.1 
30 13.2 

ethanolamine plasmalogen ~ 0 25.6 
30 23.2 

1-palmitoyl-2-oleoyl-sn- 0 18.8, 9.4 
glycero-3-phosphocholine b 27 16.4, 10.8 

C-9/10 choline plasmalogen 0 16.3, 3.8 
30 13.9, 3.4 

ethanolamine plasmalogen c n.d. 

1 -palrnitoyl-2-oleoyl-sn- 0 15.8, 3.6 
glycero-3-phosphocholine b 27 13.4, 2.5 

a This plasmalogen was diluted with 1-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphocholine prior to measurement (ethanola- 
mine plasmalogen : 1-palmitoyl-2-oleoyl-sn-glycero-3-phos- 
phocholine (1 : 0.85, w/w)).  

b Reference [21]. 
c n.d., not determined. 
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with one or two well resolved quadrupole split- 
tings. A numerical summary of the quadrupoles 
splittings together with those of a related diacyl 
lipid, i.e. 1-palmitoyl-2-oleoyl-sn-glycero-3-phos- 
phocholine (POPC), is found in Table I. 

Inspection of Fig. 1 and Table I demonstrates 
that under most conditions two separate quadru- 
pole splittings were observed for the two de- 
uterons at the C-2 position and those at the C-9,10 
carbon atoms in agreement with previous findings 
[13,14]. As far as the deuterons at the 9'-10' 
cis-double bond are concerned there is very little 
difference between the quadrupole splittings of 
the plasmalogen and the diacyl lipid. In contrast, 
distinct motional differences are observed between 
the two lipids at the C-2 position of the sn-2 oleic 
acyl chain. In 1-palmitoyl-2-oleoyl-sn-glycero-3- 
phosphocholine, the two deuterons are easily dis- 
tinguishable by virtue of their widely different 
quadrupole splittings of 16.4 and 10.8 kHz (at 
27°C). In contrast, the corresponding choline 
plasmalogen exhibits just one splitting of 13.2 kHz 
at the same temperature. The latter value is the 
average of the two quadrupole doublets observed 
in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho- 
line. In the choline plasmalogen, the difference 
between the two deuterons is thus averaged out 
suggesting a greater motional freedom of the oleic 
acyl chain at the C-2 position of the choline 
plasmalogen compared to 1-palmitoyl-2-oleoyl- 
sn-glycero-3-phosphocholine. However, at temper- 
atures lower than 30°C or in the presence of 
cholesterol two quadrupole splittings are also de- 
tectable in the choline plasmalogen (cf. below). 

A different behavior is observed for 1-O-al- 
kenyl-2-[2',2'- 2 H 2 ]oleoyl-sn-glycero-3-phospho- 
ethanolamine. In pure form this lipid cannot be 
dispersed in water to form homogeneous, liquid 
crystalline bilayer vesicles. Over a large range of 
temperatures only broad and featureless 2H-NMR 
spectra were observed. However, when mixed with 
about equal amounts of non-deuterated 1- 
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine a 
homogeneous dispersion in water was easily ob- 
tained. The 2H-NMR spectrum of this mixed bi- 
layer is shown in Fig. 2. It consists of a single 
quadrupole splitting of 23.2 kHz separation (at 
30 ° C). The inequivalence of the two deuterons 
has been removed; more importantly, however, 
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Fig. 1. Deuterium NMR spectra of bilayers 
composed of plasmaJogens and different 
amounts of cholesterol. Lipids were dispersed 
in water (66% H20, w/w). Measuring tem- 
perature 20 o C, 15 000 scans, 62.5 kHz spec- 
tral width, 150 Hz linebroadening. (A) 1-O- 
Alkenyl-2-[2',2'- 2 H 2 ]oleoyl-sn-glycero-3-phos. 
phocholine. (B) 1-O-Alkenyl-2-[9' ,10'-  
2 H 2 ]oleoyl-sn-glycero-3-phosphocholine. 

the quadrupole splitting is quite large approaching 
the separation found typcially in the sn-1 chain of 
diacyl lipids. A similar result has also been ob- 
tained for the PE fraction isolated from Clostridium 
butyricum and Clostridium beijerinkii which also 
contain a high fraction of plasmalogen [15]. 

The addition of cholesterol to plasmalogen 
membranes considerably increases the quadrupole 
splitting as demonstrated in the spectra of Fig. 1. 
Fig. 3 then displays the variation of the quadru- 
pole splittings as a function of the cholesterol 
concentration in membranes composed of the 
choline plasmalogen. At the highest cholesterol 

concentration measured (50 mol% cholesterol) the 
quadrupole splittings of all segments were twice as 
large than those of observed for cholesterol-free 
membranes. This is in quantitative agreement with 
similar measurements on diacyl lipid-cholesterol 
membranes [16-18]. 

Information about the rate of segment reorien- 
tation can be obtained by measuring the T 1 re- 
laxation rates. The T 1 relaxation times of the 
choline plasmalogen membranes encompass a 
range of 8 to 30 ms depending on the temperature 
and membrane composition (cf. Table II). The T 1 
times increase with increasing temperature indicat- 



TABLE II 

SPIN-LATTICE RELAXATION TIME (T1), CORRELA- 
TION TIME (%) AND ACTIVATION ENERGIES E a OF 
BILAYER MEMBRANES COMPOSED OF DEUTERATED 
CHOLINE PLASMALOGEN AND CHOLESTEROL 

Labelled mol% Temp. T 1 % E a 
segment chol. (K) (ms) a (ps) b (kJ/mol) c 

C-2 0 278 8.2±0.9 274±30 
288 10.5±1.4 214±30 12.4±2.3 
298 11.6±0.9 194±15 
308 14.7±1.5 153±15 
318 16.2+1.2 138±10 

C-2 50 288 8.9 ± 0.7 252 ± 20 
298 10.5+0.5 214±10 14.4 ± 2.6 
308 13.5±0.5 166±10 
318 15.7±0.7 142±10 

C-9, C-10 0 278 9.1+0.6 247+16 
288 11.1+0.4 202+ 8 

19.3 + 1.6 
298 13.7+0.3 164+ 4 (16.2+1.8) d 
308 18.3+0.8 123+ 6 
318 27.4+1.4 82+ 5 

C-9, C-10 50 278 8.9-1-0.5 261+15 
288 11.6±0.7 200+12 

13.9 + 1.9 
298 13.05:0.9 178±12 
308 16.2+0.9 142± 8 

a T1 measurements were made using the Inversion-Recovery 
Method with a solenoid probe head and 3.5/~s 90 ° pulses. 

b correlation times were evaluated according to Brown et al., 
1979 [19], 

c Activation energies were determined from a non-linear two- 
parameter Marquardt fit of the correlation times. 

d When the 318 K data point is omitted from evaluation. 

ing that  the mot ions  fall  in to  the so-cal led fast  
cor re la t ion  t ime regime. Fig. 4 shows Ar rhen ius  
p lo t s  of  the re laxa t ion  times. F r o m  the s lope of  
the  s t ra ight  lines the ac t iva t ion  energies can be  
eva lua ted  (cf. Tab le  II)  which are  abou t  12.4-19.3 
k J / m o l .  Again ,  these da t a  a re  s imi lar  to that  
observed  for  d iacyl  l ip ids  [19]. The  T 1 re laxa t ion  
d a t a  can  be fur ther  ana lyzed  to p rov ide  the corre-  
l a t ion  t ime % of  the segmenta l  mot ions  [19]. The  
resul ts  of  this eva lua t ion  are  also l is ted in Tab le  I I  
and  are  in b r o a d  agreement  with those observed  
with o ther  choles terol  con ta in ing  m e m b r a n e s  [20]. 

In  summary ,  four  conclus ions  can be  der ived  
f rom a compa r i son  of  the  2 H - N M R  da t a  o f  the 
p la smalogens  and  the co r r e spond ing  diacyl l ip ids :  
(i) Both  l ip id  classes have  a ra ther  s imi lar  confor-  
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Fig. 2. Deuterium NMR spectra of bilayers composed of 
1 - O-alkenyl-2-[2',2'- 2 H 2 ]oleoyl-sn-glycero-3-phosphoethanol- 
amine and POPC (1:0.85, w/w) in water (66% H20, w/w). 
Measuring temperature: (A) 0 o C, (B) 30 o C. 20000 scans, 62.5 
kHz spectral width, 150 Hz linebroadening. The quadrupolar 
splittings amount to 25.6 kHz (A) and 23.2 kHz (B). 

mar ion  of  the h y d r o c a r b o n  chains  when the head  
group  is phosphochol ine .  Since it is wel l -es tab-  
l ished that  the sn-2 chain  of  diacyl  l ipids  is ben t  a t  
the C-2 pos i t ion  it follows f rom the s imi lar i ty  of  
the  2 H - N M R  spli tr ings that  the sn-2 chain  is also 
ben t  in the chol ine  p lasmalogen .  However ,  the 
inequiva lence  of  the two C-2 deuterons  is r emoved  
in the  la t te r  ind ica t ing  a somewhat  enhanced  flexi- 
b i l i ty  of  the sn-2 chain  of  chol ine  p lasmalogens .  
(ii) A dif ferent  behav ior  is observed  for the 
e t h a n o l a m i n e  p l a s m a l o g e n  d i s p e r s e d  in 1- 
p a l m i t o y l - 2 - o l e o y l - s n - g l y c e r o - 3 - p h o s p h o c h o l i n e .  
Here  the size of  the  quad rupo le  spl i t t ing argues 
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Fig. 3. Variation of the quadrupolar splittings with increasing 
amounts of cholesterol at 30°C. O, [2',2'-2H2]choline plas- 
malogen; •,  [9',10'-2H2]choline plasmalogen. 
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against a bending of the sn-2 chain but suggests 
that this chain is perpendicular to the membrane 
surface at all segments. (iii) Cholesterol increases 
the ordering of the sn-2 fatty acyi chain in plas- 
malogens to the same extent as it does in diacylli- 
pids. (iv) Dynamic differences between the two 
lipid classes are small, at least as judged from the 
2H-Tt relaxation times. 
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