
Chemistry and Ph?iia 
of 

Chemistry and Physics of Lipids LIPlDS 

76 (1995) 55 62 E L S E V I E R  

Microdomain formation in phosphatidylethanolamine bilayers 
detected by 2H-NMR 

Kyong-hwa Shin, Toshiaki Nagamori, Yasuhiro Kimura, Masao Tomoi, 
Toshimichi Fujiwara, Hideo Akutsu* 

Departments of Bioengineering and Synthetic Chemistry, Faculty of Engineering, Yokohama National University, 
Hodogaya-ku, Yokohama 240, Japan 

Received 10 August 1994; revision received 5 January 1995; accepted 9 February 1995 

Abstract 

In deuterium NMR spectra of phosphatidylethanolamine bilayers with an extremely high content of saturated fatty 
acids, each CI deuteron of the glycerol backbone gave rise to a doublet [Yoshikawa et al., (1988) Biochim. Biophys. 
Acta 944, 321-328]. This suggests the presence of two backbone conformations, the exchange between which is slow 
on an NMR time-scale. The origin of the two conformations has been investigated in this work using saturated 
1,2-diacyl-sn-glycero-3-phosphoethanolamine specifically deuterated in the glycerol backbone. The results showed 
that the two conformations originate from different domains, which have different fatty acid compositions. The 
differential scanning calorimetry of the bilayers suggested that the size of the domain is not large enough to show an 
independent phase transition. Thus, the formation of microdomains in the phosphatidylethanolamine bilayers has 
been concluded. Conformational difference in different domains was shown to be restricted to the C1 position of the 
glycerol backbone. The microdomains of phosphatidylethanolamine were retained even in the presence of other 
phospholipids. 
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I. Introduction 

Phospholipids are important constituents of bi- 
ological membranes. Since knowledge of the 
structure and dynamics of phospholipids in bilay- 
ers is essential for an understanding of their func- 
tional roles, their physicochemical properties have 
been studied extensively. Deuterium magnetic res- 
onance (2H-NMR) has been widely used to inves- 
tigate the conformation and dynamics of lipid 
molecules in bilayers [1,2]. 

Phosphatidylethanolamine is one of the major 
phospholipids in biomembranes. Although phos- 
phatidylethanolamine (PE) and phosphatidyl- 
choline (PC) are the two major zwitterionic 
phospholipids, their characteristics are very differ- 
ent. PE shows a transition from the lamellar to 
hexagonal II phases, while PC does not. PE is 
mainly located in the inner leaflets of mammalian 
plasma membranes, while PC is mainly located in 
their outer leaflets. It has been also reported that 
membranes containing PE rather than PC as the 
zwitterionic phospholipid showed great selectivity 
in association with protein kinase C and other 
cytoplasmic proteins [3]. PE was also shown to 
enhance rhodopsin photochemical activity in the 
reconstituted system [4]. Physicochemical basis of 
specificity of PE is not yet clear. In particular, 
there is little information on the nature of the 
intermolecular interactions among PE molecules. 
Such properties would play an important role in 
the interaction with membrane proteins and other 
phospholipids. Furthermore, phosphatidylethano- 
lamine liposomes are now investigated for the 
purpose of drug delivery, gene transfer and im- 
munodiagnostic application [5]. Physicochemical 
basis of the specificity of PE would also provide us 
with the principles to design such liposomes. 

Yoshikawa et al. [6] found out that each 
deuteron at the C1 position of the glycerol back- 
bone of phosphatidylethanolamine in E. coli lipid 
bilayers with an extremely high content of satu- 
rated fatty acids gives rise to two different 
quadrupole splittings. The two quadrupole split- 
tings are evidence of the presence of two different 
conformations at the C1 position of the glycerol 
backbone of phosphatidylethanolamine in the bi- 
layers, and the exchanged rate between the two 

conformations being slower than the NMR time- 
scale. This can provide a clue to elucidate the 
microscopic intermolecular interactions of PE. 
Two possible explanations were suggested for the 
appearance of the two quadrupole splittings [6]. 
One was the formation of a bimolecular complex, 
which has two different glycerol conformations. 
The other was the formation of at least two kinds 
of domains, which have different glycerol confor- 
mations. These domains should have different un- 
saturated fatty acid contents, which should affect 
the conformation of the glycerol backbone. To 
examine these possibilities, we have synthesized 
1,2-dipalmitoyl- and 1,2-dimyristoyl-sn-glycero-3- 
phosphoethanolamine and performed 2H-NMR 
measurement of their bilayers. In addition to this, 
the effect of other phospholipids on the two con- 
formations of the phosphatidylethanolamine has 
also been investigated. 

2. Materials and methods 

2.1. Synthesis o f  [2Hs]-glycerol and 
[2-2H t]-glycerol 

Perdeuterated glycerol ([2Hs]-glycerol) was syn- 
thesized by reduction of diethylketomalonate (1.83 
ml) with LiAIZH4 (1 g) in tetrahydrofuran (THF; 
45 ml). The reaction mixture was refluxed for 
about 1 h in an ice bath under nitrogen gas flow. 
Then, 10 ml of water was added for inactivation of 
LiAI2H4. After filtration, THF was removed by 
evaporation. The obtained aqueous solution was 
applied to an ion exchange column (Dowex 50W- 
X8) to remove A13+ ions. [2-2Hal-glycerol was 
obtained by reduction of dihydroxyacetone (4.39 
g) with NaB2H4 (1 g) in 2HEO (30 ml) [6]. 

2.2. Growth o f  a glycerol-requiring mutant o f  
E. coli 

An auxotroph (E. coli K-12 UFAtSGRA) re- 
quiring unsaturated fatty acids (temperature-sen- 
sitive) and glycerol [6] was grown at 28°C in a 
basal medium containing the following (per 1): 
K2HPO4, 7 g; KH2PO4, 2 g; Na3 citrate, 0.57 g; 
(NI-I4)2804, 1 g; MgSOa'7H20, 0.1 g; vitamin B1, 
1 mg; glycerol, 2.5 g (deuterated glycerol, 0.1 g); 
casamino acids (Difco; vitamin-free), 10 g. The 
auxotroph requires unsaturated fatty acids for 
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growth at 42°C but can grow in the basal medium 
containing 2.0% KC1 without supplementation of 
unsaturated fatty acids at 420C. Such a culture 
accumulates saturated fatty acids at extremely 
high content in 'the phospholipids (ca. 90%) of the 
cell membranes [7]. The cells were cultured up to 
the end point of the logarithmic phase (about 14 
h at 42°C) in a 10-litter bottle with air bubbling 
and then harvested by centrifugation. Phos- 
phatidylethanolamine, phosphatidylglycerol and 
cardiolipin were purified from the cells grown at 
420C [6]. 

2.3. Preparation o f  phospholipids 
Phospholipid,; were extracted from the cells ac- 

cording to the raethod of Bligh and Dyer [8], and 
then further purified by silicic acid column chro- 
matography. The total phospholipid extract (250- 
300 mg) was applied to a silicic acid column (30 
× 300 mm), Which was then eluted with chloro- 
form/methanol/water (65:25:4 v/v). A Yamazen 
fast-flow liquid chromatography system was used 
for the purification with the flow rate of 0.6 
ml/min. Each phospholipid species was identified 
by silicic acid thin-layer chromatography. The 
percentage of deuteration of the glycerol back- 
bone was estimated from a ~H-NMR spectrum of 
deuterated phosphatidylethanolamine [6]. The ex- 
tent of deuteration was about 70% on average. 
IH-NMR spectra were obtained with a Bruker 
AM400 NMR ,;pectrometer. 

Saturated phosphatidylethanolamine was syn- 
thesized according to the reported method [9]. 
1,2-dimyristoyl- and 1,2-dipalmitoyl-sn-glycero-3- 
phosphoethanolamine (DMPE and DPPE) were 
prepared from E. coli phosphatidylethanolamine 
and fatty acid anhydride, using polymer-sup- 
ported trityl as a protective group for the amino 
group of phosphatidylethanolamine. The solid- 
phase synthesis makes the separation of the inter- 
mediate products much easier. Each reaction step 
was confirmed by monitoring the C = O  stretching 
vibration band at 1740 cm-  ~ in an infrared spec- 
trum. Yield of DMPE and DPPE was 71%. Spe- 
cific deuteration in the glycerol backbone was 
performed by using specifically deuterated E. coli 
phosphatidylethanolamine. Purity was checked by 
silicic acid thin.-layer chromatography and differ- 

ential scanning calorimetry. Infrared spectra were 
obtained with a Shimadzu FTIR-4000 spec- 
trophotometer. 

2.4. 2H-NMR measurements 
2H-NMR spectra were obtained with a JEOL 

FX-200 NMR spectrometer equipped with a 
solid-state system, Bruker MSL-300 and AM-400, 
and Chemagnetics CMX-400 NMR spectrome- 
ters. In the case of the AM-400, a home-built 
high-power probehead, in which the coil was de- 
signed to accommodate a vertical sample tube, 
was used. Phospholipids were dispersed at 55°C 
(at 75°C for DPPE) in a solution of 0. 1 M PIPES 
buffer (pH 7.2) containing 2 mM EDTA, and 
then centrifuged to obtain a pellet. Deuterium-de- 
pleted water (less than 0.2 ppm, purchased from 
Commissariat a L'Energie Atomique) was used 
for all sample preparations to eliminate the natu- 
ral abundance deuterium signal of water. 2H- 
NMR spectra of phospholipid dispersions 
(multilamellar liposomes) were obtained by the 
quadrupole echo technique with a spectral width 
of 100 kHz and a recycle time of 0.5 s. 31p-NMR 
spectra were measured with a CMX400 NMR 
spectrometer under proton decoupling. 

2.5. Differential scanning calorimetry 
Thermograms of phospholipid dispersions were 

obtained by a Privalov-type calorimeter, DASM- 
4. The scan rate was 0.5 K/min. The phospholipid 
concentration was 10 mg/ml in 0.1 M PIPES, 2 
mM EDTA (pH 7.2). 

3. R ~  

Yoshikawa et al. [6] reported 2H-NMR spectra 
of a phospholipid mixture obtained from E. coli. 
The signal of each C1 deuteron of the glycerol 
backbone of phosphatidylethanolamine (PE) in 
the mixture was found to split to a doublet. Fig. 
1A is a 2H-NMR spectrum of bilayers of phos- 
phatidylethanolamine purified from the E. coli 
phospholipid mixture mentioned above. The as- 
signments were given according to those previ- 
ously reported [10]. IS, 1R, 2, 3S arg:l 3R stand 
for the deuterons indicated in the structure on the 
top of the figure with either pro-S or pro-R 
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Fig. 1. 2H-NMR spectrum of E. coli phosphatidylethano- 
lamine bilayers at 50°C (A) and 1,2-dipalmitoyl-sn-glycero-3- 
phosphoethanolamine (DPPE) bilayers at 75°C (B) perdeuter- 
ated in the glycerol backbone. Assignments are given on the 
top along with the structural description. 

configuration (except for C2). The doublets of the 
C1R deuteron signals can be seen. Thus, the 
characteristics reported by Yoshikawa et al. [6] 
have been reproduced even in PE lipid bilayers. 
The intensity ratio of the doublet, however, 
changed depending on the culture lot of E. coli 
cells. For example, the C1R signals with a larger 
quadrupole splitting are weaker than the others in 

' I ' ' ' ' I  . . . .  I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I  
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Fig. 2. A 3]p-NMR spectrum of deuterated E. coli phos- 
phatidylethanolamine bilayers at 55°C under proton-decou- 
pling. 

Fig. 3A. Actually, the intensity ratio of the dou- 
blet was sensitive to the unsaturated fatty acid 
content, which was monitored by the methine 
proton intensity of the double bonds of the hy- 
drocarbon chains in a ~H-NMR spectrum of PE. 
Very weak signals with the quadrupole splitting of 
about 11 kHz come from the glycerol head-group 
of trace phosphatidylglycerol [10]. 3'p-NMR spec- 
tra of the deuterated E. coli PE bilayers were 
measured to examine the polymorphic state of the 
sample. A spectrum at 55°C is presented in Fig. 2, 
which clearly shows that all PE molecules are in 
the liquid-crystalline lamellar phase. All spectra 
measured gave the same features. 

To investigate the origin of the doublet sig- 
nals in the ZH-NMR spectrum of phosphatidyl- 
ethanolamine bilayers, it is critical to use 1,2-dia- 
cyl-sn-glycero-3-phosphoethanolamine with fully 
saturated fatty acids. The phospholipid molecule 
should be stereospecific. It was reported that 
racemic molecules give rise to a quite different 
2H-NMR spectrum [11]. Therefore, we have syn- 
thesized 1,2-dimyristoyl- and 1,2-dipalmitoyl- 
sn-glycero-3-phosphoethanolamine (DMPE and 
DPPE) specifically deuterated in the glycerol back- 
bone according to the method described under 
Materials and methods, Section 2.3. Then, 2H- 
NMR spectra of deuterated DPPE and DMPE 
bilayers in the liquid-crystalline state were exam- 
ined. Fig. 1B shows a 2H-NMR spectrum of the 
DPPE bilayers at 75°C. The quadrupole splittings 
of about 17.3 and 0 kHz can be ascribed to the 1R 
and 1S deuterons, respectively. Each deuteron 
gives rise to only one quadrupole splitting. No 
doublet was observed in the temperature ranges 
examined (70-75°C for DPPE bilayers and 50- 
65°C for DMPE bilayers) for both bilayers. There- 
fore, it can be concluded that fully saturated 
PE bilayers take on the homogeneous backbone 
conformation. 

To clarify the origin of each signal of the 
doublet, a mixture of E. coli phosphatidyl- 
ethanolamine (EPE) and DMPE was examined. 
The mixture was prepared by mixing deuterated 
EPE (EPE*) and non-deuterated DMPE, or EPE* 
and deuterated DMPE (DMPE*) at a 1:1 ratio by 
weight. 2H-NMR spectra of the two mixtures at 
55°C are presented in Fig. 3. In order to see the 
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Fig. 3.2H-NMR spectra of the bilayers of the mixture of E. coli 
phosphatidylethanolamine (EPE) and 1,2-dimyristoyl-sn-glyc- 
ero-3-phosphoethanolamine (DMPE) at 55°C. Mixing ratio is 
l:l (w/w). (A) Deutel:ated EPE and non-deuterated DMPE. (B) 
Deuterated EPE anct deuterated DMPE. The doublets appear 
at about + 8 kHz. 

effect of  DMPE "' accurately, EPE* from the same 
culture o f  E. coli cells was used for the two 
preparations. Unfortunately, the outer component 
of  the C1R doublet of  this EPE* sample is weak. 
However, the outer signals can be clearly iden- 
tified. On addition of  DMPE*, instead of  DMPE, 
to EPE*, the outer component became stronger. 
Therefore, this component can be ascribed to the 
fully saturated PE. The quadrupole splitting of  
these signals is 17.5 kHz. This is still smaller than 
the quadrupole splitting (18.9 kHz) of  the deuter- 
ated DMPE bilayers at 55°C, suggesting that 
DMPE does not form separated bilayers (or vesi- 
cles). These results indicates that fully saturated 
PE molecules form such stable domains that give 
rise to a separate signal. The signal with the 
smaller quadrulz,ole splitting in Fig. 3 should be 
ascribed to the domains containing saturated and 
unsaturated fatty acids. 

Since no clear doublet can be found for the C3 
deuterons in the spectra of Fig. 3, it can be 
concluded that the conformation at the C3 posi- 
tion of  the glycerol backbone is the same for 
different domains. However, the overlapping of  
signals C2 and C3R makes it difficult to examine 
if the conform~ttion at the C2 position of the 

glycerol backbone is the same for different do- 
mains. To check the conformation at C2, we have 
specifically deuterated E. coli PE at the C2 posi- 
tion. A 2H-NMR spectrum of  its bilayers in the 
liquid-crystalline state (at 50°C) is shown in Fig. 
4. Only one quadrupole splitting can be seen in 
this spectrum, showing that the conformation at 
the C2 position is the same for different domains. 

To characterize the bilayers of interest in terms 
of phase transition, differential scanning calorime- 
try (DSC) was employed. The DSC thermogram 
of  (DMPE + E. coli PE) is presented in Fig. 5. 
This is a typical thermogram for PE bilayers 
containing heterogeneous molecular species [12- 
14]. There is no separate transition peak at a high 
temperature expected for the domains with fully 
saturated fatty acids. 

Yoshikawa et al. [6] reported the effect of phos- 
phatidylglycerol (PG) and cardiolipin (CL) on the 
doublet signals. Phosphatidylethanolamine was 
mixed with one of these acidic phospholipids at a 
ratio of  4:1 (w/w). The doublet was still observed 
in the spectra of those bilayers. Influence of 1,2- 
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 
in addition to E. coli PG and E. coli CL in the 
molar ratio of  1:1 (w/w) has been further exam- 
ined in this work. E. coli PE perdeuterated in the 
glycerol backbone was mixed with non-deuterated 
other phospholipids. The 2H-NMR spectra of 
these mixed bilayers at 50°C are presented in Fig. 
6. As can be seen in the spectra, the doublet was 
retained in all cases. 31p-NMR spectra indicated 
that only the liquid-crystalline lamellar phase is 
present for all cases (Spectra not shown). There- 
fore, it can be concluded that the two conforma- 
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Fig. 4. 2H-NMR spectrum of E. coli phosphatidyl~hanolamine 
bilayers at 50°C specifically deuterated at the C2 position of the 
glycerol backbone. 
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Fig. 5. Thermogram of differential scanning calorimetry of (l,2-dimyristoyl-sn-glycero-3-phosphoethanolamine + E. coli phos- 
phatidylethanolamine) bilayers (1:1, w/w). 

tions of PE are stable, not only in the PE bilay- 
ers, but also in the mixed bilayers. 

4. Discussion 

When the saturated fatty acid content in E. coli 
membranes is extremely high, each C1 deuteron 
of the glycerol backbone of PE gives rise to a 
doublet, suggesting the presence of two stable 
backbone conformations. Since the difference in 
the quadrupole splittings is 1.6 kHz at 50°C, the 
exchange rate between two conformations is 
slower than 10 3 S -1.  The 31p-NMR spectrum 
showed that the two conformations of the glyc- 
erol backbones are present in the lamellar phase. 
If the lengths of the hydrocarbon chains are very 
different, mismatch of lipid molecules could take 
place. Such a mismatch can induce a conforma- 
tional change in the glycerol backbone. The fatty 
acid composition of E. coli PE used in this work 
was reported as (12:0, 1.6%; 14:0, 39.7%; 16:0, 
50.7%; 14:l, 1.7%; 16:1 + 17A, 3.3%; 18:1 + 
19A, 3.1%) [7], where n:m stands for a fatty acid 
with n carbons and m unsaturated bonds. NA 
denotes a cyclopropane fatty acid. Since the chain 
length difference is not significant in the used PE, 
mismatch of the lipid molecules is unlikely. 

Yoshikawa et al. [6] suggested two possible 
reasons for the doublet, namely, a dimer with two 

different backbone conformations, and domains 
with different fatty acid compositions. 2H-NMR 
spectra of DMPE and DPPE showed that fully 
saturated PE molecules take on a homogeneous 
backbone conformation in a region of fully satu- 
rated PE bilayers, regardless that the region is 
composed of a dimer or multiple molecules. From 
the experiments on the mixed bilayers of DMPE 
and E. coli PE (Fig. 3), the outer component of the 
doublet was ascribed to the PE molecules with fully 
saturated fatty acids. Thus, it can be concluded 
that there is stable domains of fully saturated PE 
in the E. coli PE bilayers. The thermogram of the 
mixed lipid indicates that the number of molecules 
in the domain should be smaller than the lower 
limit of the cooperative unit of the phase transi- 
tion. Thus, these domains should be called mi- 
crodomains, which do not exclude dimers. Albon 
and Sturtevant [15] estimated the cooperative unit 
as 1400 for DPPC bilayers on the basis of calorime- 
try. Tsong [16] estimated it as 220-250 for DMPC 
bilayers. Gordeliy et al. [17] proposed the existence 
of clusters with the average radius of 2.9 nm for 
DPPC bilayers on the basis of neutron scattering 
experiment. The cluster would include about 50 
molecules. From these values, we can imagine the 
upper limit of the size of the microdomains of PE 
bilayers, although we do not know the exact size 
at this stage. 
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Fig. 6. 2H-NMR spectra of the deuterated E. coli phos- 
phatidylethanolamine (EPE*) mixed with other non-deuterated 
phospholipids in the liquid-crystalline state at 50°C. The glyc- 
erol backbone is perdeuterated. Mixing ratio is 1:1 (w/w). (A) 
EPE*; (B) EPE* + L coli phosphatidylglycerol; (C) EPE* + E. 
coli cardiolipin; (D) EPE* + 1,2-dipalmitoyl-sn-glycero-3- 
phosphocholine (DPPC). 

One might argue that the backbone conforma- 
tions are intrinsically different for fully saturated 
PE and unsaturated PE (PE containing unsatu- 
rated fatty acids). Namely, a microdomain is just 
a single molecule:. If there is an intrinsic backbone 
conformation, it should be different for different 
molecular specie',;. Since there are many molecular 
species in E. coli PE in terms of fatty acid compo- 
sition, the C1 signals should be the overlap of 
many signals instead of doublets. Thus, it is 
difficult to assume an intrinsic backbone confor- 

mation for single PE molecule. Therefore, we 
conclude that a microdomain is not just a single 
molecule. 

The conformations of the glycerol backbones 
are different in the domains with different fatty 
acid compositions. The conformational difference 
in the glycerol backbone, however, is restricted to 
the C1 position. This suggests that the hydrocar- 
bon chain packing determines the backbone con- 
formation. Microdomains with the fully saturated 
fatty acids would have the highest packing density 
because of strong inter-polar-head-group interac- 
tions of PE including the hydrogen bonding inter- 
actions [5]. Such strong interactions can explain 
the slow exchange rate among the domains. 

The microdomains of PE turned out to be so 
stable that they are retained even in the presence 
of other phospholipids such as phosphatidyl- 
choline (PC), phosphatidylgtycerol (PG) and car- 
diolipin (CL) at up to 50%. Actually, non-ideal 
mixing in mixed lipid bilayers was reported for 
(DPPC + DPPE) bilayers in the experiments 
with solid-state J3C-NMR and 2H-NMR [18]. 
Furthermore, it was suggested from calorimetry 
that PE molecules exhibit a net tendency to self- 
associate preferentially in the mixed lipid bilayers 
of PE and PC [19]. They are consistent with the 
presence of the microdomains of PE molecules. 
The microdomains can also explain the DSC 
thermogram pattern in Fig. 5. Phase transition 
starts from the microdomains with unsaturated 
and/or short fatty acids. Therefore, the ther- 
mogram starts to change from very low tempera- 
ture. Then, at the last stage of the phase 
transition, only the domains with fully saturated 
fatty acids are left in the gel state. Thus, the 
transition takes place in a highly cooperative 
way, which results in the abrupt termination of 
the phase transition, making the thermogram 
asymmetric. Therefore, it is suggested that 
not only fully saturated PE, but also PE with 
unsaturated fatty acid, form microdomains be- 
cause of their strong inter-polar-head-group inter- 
actions. Since only doublet was observed for C1 
deuterons, the molecular exchange among the mi- 
crodomains should be faster than the NMR time- 
scale, except for the domains with fully saturated 
fatty acids. 
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The asymmet r i c  na ture  o f  the phase  t rans i t ion  
could  be used for  the p ro tec t ion  o f  bac ter ia  with 
a high content  o f  sa tu ra ted  fat ty  acids. On ab rup t  
decrease o f  env i ronmenta l  t empera ture ,  bac ter ia  
would  be able to survive by keeping a cer ta in  par t  
o f  the m e m b r a n e  in the l iquid-crysta l l ine  state 
[13]. The  m i c r o d o m a i n s  could  also behave  as the 
units in the in terac t ion  with m e m b r a n e  pro te ins  
and  in the t rans i t ion  to the hexagona l  II phase.  
The  phase  t rans i t ion  o f  PE from the lamel lar  to 
hexagonal  II  phases  is faci l i ta ted by  the presence 
o f  unsa tu ra t ed  fa t ty  acids. The  mechanism of  
this t rans i t ion  has been invest igated in terms 
o f  the elastic proper t ies  o f  the l ipid mono laye r s  
and  the molecu la r  pack ing  [20,21]. Our  results 
have clearly shown tha t  the i nco rpo ra t ion  o f  un- 
sa tu ra ted  fa t ty  acid induces a con fo rma t iona l  
change only at  the C1 pos i t ion  o f  the glycerol  
backbone .  However ,  this does  no t  mean  tha t  the 
con f o rma t ion  o f  p o l a r - h e a d - g r o u p  is no t  affected. 
Since the C 2 - C 3  axis is a lmost  paral le l  to the 
d i rec tor  axis (bi layer  no rmal )  [22], this confo rma-  
t ion can accept  even a dras t ic  con fo rma t iona l  
change in the po la r -head -g roup .  Namely ,  the 
glycerol  b a c k b o n e  can a d o p t  to any changes  in 
the h y d r o p h o b i c  region and  in the po la r  g roup  
with m i n i m u m  modif ica t ion  o f  the b a c k b o n e  con-  
format ion .  Therefore ,  the glycerol  backbone  
would  be the key interface in changing  the molec-  
ular  shape. 
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