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Abstract. The orientational order profile along the lipid 
acyl chain has been characterized under several different 
conditions of polar headgroup composition, temperature, 
and cholesterol content. Despite the different nature 
of these factors, the variation of the order is governed by 
two common trends. First, the relative change of order 
induced by the variation of these factors is always more 
pronounced towards the end of the chain than for the 
methylene groups near the interface. Second, there is, to 
a first approximation, a distinct correlation between the 
magnitude of the order parameters and the shape of the 
order profile. For example when the chain is highly 
ordered, the relative width of the order distribution is 
narrow indicating that the plateau region is longer. These 
conclusions suggest that the orientational order profile 
depends on only a small number of parameters and 
demonstrate clearly that the correlation length for 
changes in orientational order is much greater than one 
C - C  bond length. Our results also show that the 
reduced temperature is not related in simple terms 
to orientational order and probably has little theore- 
tical significance. The orientational order profiles of 
POPC and POPE bilayers are significantly different 
even when expressed in terms of reduced tempera- 
ture. The behavior of POPC/cholesterol systems also 
indicates that the orientational order of the lipid 
chain and the gel-to-liquid crystalline phase transi- 
tion temperature are not related in a straightforward 
manner. 
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Introduction 

Because of their amphiphilic nature, phospholipids ag- 
gregate to form bilayers in an aqueous environment in 
order to minimize unfavorable hydrophobic interactions 
between their acyl chains and water molecules. This ag- 
gregation leads to the formation of a hydrophobic core 
shielded from water by the polar headgroups. The hydro- 
carbon region of the bilayer is not an isotropic milieu. It 
has been well established by ZH-NMR (Seelig and Seelig 
1977, 1980) that the order distribution along the lipid 
chain in the liquid crystalline (L~) phase varies in a char- 
acteristic manner. Aside from small systematic oscilla- 
tions associated with local chain geometry, the order pa- 
rameter of the segment near the interface is relatively 
constant: this part is usually referred as the plateau re- 
gion. The chain order decreases more rapidly towards the 
middle of the bilayer. 

As shown by several 2H-NMR studies, many factors 
modulate the lipid chain order. Indeed, the structure of 
the acyl chain itself is a primary determinant of the orien- 
tational order of the methylene groups. For example, it 
has been shown that the presence of an unsaturated bond 
(Seelig and Seelig 1977) or a cyclopropane substituent 
(Perly et al. 1985) dramatically affects the order measured 
along the lipid acyl chain. The molecular structure of the 
lipid polar headgroup also influences the chain orienta- 
tional order, as demonstrated by the different acyl chain 
order profiles observed for PC and PE bilayers (Perly 
et al. 1985; Cullis et al. 1986). Increased temperatures in- 
crease the motional averaging of the quadrupolar interac- 
tions and cause the chain order to decrease (Davis 1983). 
The orientational order is also sensitive to the symmetry 
of the phase adopted by the lipids. For example the lipid 
chains experience more motional averaging in the H~I 
phase than in the L~ phase (Perly et al. 1985; Sternin 
et al. 1988; Lafleur et al. 1990b). The lipid chain order 
may also be influenced by the presence of other lipophilic 
molecules. The presence of cholesterol inside the bilayer, 
for example, stiffens the lipid chains (Stockton and Smith 
1976; Oldfield et al. 1978; Dufourc et al. 1984). Con- 
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versely the presence of even a very large proportion of 
proteins incorporated in the bilayer does not modify 
appreciably the orientational order of the lipid chains 
(Bloom and Smith 1985). These facts have been rational- 
ized by a qualitative description of the elastic properties 
of the surface of the embedded molecules: cholesterol has 
a rigid ring network which obliges the lipid chains to 
straighten (Stockton and Smith 1976; Dufourc et al. 1984) 
while the fluid-like surface of proteins embedded in bilay- 
ers with matching thickness (Mouritsen and Bloom 1984), 
does not influence the motional freedom of the lipid chain 
(Bloom 1979). 

Most previous studies of hydrocarbon order have 
been limited to the description of the effects of various 
factors on the motional properties at a few specific posi- 
tions along the acyl chain and have not examined the 
distribution of order along the whole chain. This is main- 
ly due to the method normally employed for obtaining 
the whole order profile. Generally, a set of specifically 
deuteriated lipids have been synthesized and then the 
profile has been determined by a set of discrete values of 
quadrupolar splittings. This approach requires consider- 
able effort in lipid synthesis. Recently a new method has 
been developed to extract the order profile from a single 
2H-NMR spectrum of a lipid bearing a perdeuteriated 
saturated acyl chain (Sternin et al. 1988; Lafleur et al. 
1989). It has been shown that the general shape of the 
order profile can be successfully reproduced by this 
method. 

In this paper, we have investigated the dependence 
of the shape of the order profile in the L~ phase on factors 
known to affect hydrocarbon order (temperature, choles- 
terol content and polar headgroup composition). General 
trends of the modulation of the shape of the order 
distribution by these factors are reported here. We have 
employed 1-palmitoyl-d3 ~-2-oleoyl-phosphatidylcholine 
(POPC-d31) in this study for several reasons. First, POPC 
bilayers are in the L, phase over a wide range of temper- 
ature above 0 °C. Secondly the combination of one satu- 
rated and one unsaturated chains is representative of the 
lipids found in the plasma membrane of eukaryotic cells. 
Finally, the use of a lipid bearing a saturated perdeuteri- 
ated chain provides a straightforward and efficient meth- 
od of determining the smoothed order profile. 

M a t e r i a l s  and m e t h o d s  

1 - Palmitoyl - d 31 - 2 - oleoyl - phosphatidylethanolamine 
(POPE-d31), l-palmitoyl-d31-2-oleoyl-phosphatidylchol- 
ine (POPC-d31) and all other lipids were obtained from 
Avanti Polar Lipids Inc. (Birmingham, USA). The lipids 
were pure as ascertained by thin layer chromatography. 
For the deuteriated lipids, a chain analysis revealed an 
equimolar mixture of palmitoyl and oleoyl chains. As 
discussed previously (Lafleur et al. 1989), approximately 
20% of acyl chain transmigration, occuring during the 
lipid synthesis, is suspected. This is the most likely expla- 
nation for the origin of the small peaks which are ob- 
served in some spectra. 

The lipid mixtures were first dissolved in a benzene : 
methanol 96 : 04 (v/v) mixture and then freeze-dried. The 
lipid was then hydrated in a 20 mM HEPES buffer, 
300 mM NaC1 and 5 mM EDTA, pH=7.4. The final 
phospholipid concentration was approximately 60 mg/ 
ml. 

A homebuilt 46 MHz 2H-NMR spectrometer de- 
scribed previously (Davis 1979; Sternin 1985) was used. 
The powder pattern spectra were produced using a 
quadrupolar echo pulse sequence with a ~ value equals to 
50 gs. The 90 ° pulse length was 4 gs and the free induction 
decays were acquired in quadrature collecting 4096 
points with a dwell time of 5 gs. The time between two 
successive pulse sequences was at least 300 ms. The num- 
ber of scans was at least 25 000. The dePaked spectra 
were obtained using the iterative method presented else- 
where (Bloom et al. 1981; Sternin et al. 1983) and were 
smoothed on 5 points. The smoothed order profiles have 
been determined from the powder pattern spectra using 
the method previously discussed (Lafleur et al. 1989). 

R e s u l t s  

Effect of temperature 

Temperature has a pronounced effect on the order 
parameters of the lipid chains. The decrease in order in- 
duced by increased temperature is illustrated in Fig. 1. 
The powder pattern and dePaked spectra of POPC-d31 
are presented for the various temperatures. Each methy- 
lene group and the terminal methyl group give rise to a 
powder pattern with a characteristic quadrupolar split- 
ting; the spectra obtained from the lipids with a perdeu- 
teriated acyl chain are the superpositions of these powder 
patterns. The spectra obtained over the whole range of 
temperature (0 to 70 °C) are characteristic of the L~ phase. 
The change in shape of the spectra as a function of tem- 
perature is similar to that previously observed for phos- 
phatidylcholine with two perdeuteriated saturated chains 
(Davis 1979, 1983); a decrease of the width of the quadru- 
polar splittings is observed with increasing temperature. 
The probability distribution of order parameters along 
the acyl chain is directly described by the dePaked spectra 
(Fig. 1 b). In addition to causing a decrease of the individ- 
ual quadrupolar splittings, increasing temperature also 
results in an increase in the number of resolved doublets. 
In other words, a larger proportion of the signal con- 
tributes to the doublets exhibiting the largest splittings 
(associated with the plateau region) at low temperatures. 
Thus not only are the absolute values of quadrupolar 
splittings affected by temperature variation but the 
distribution of order along the lipid chain itself is also 
modified. 

The smoothed order profile along the palmitoyl chain 
of POPC has been characterized for the different temper- 
atures (Fig. 2 a). The reduction in the order parameters 
with increasing temperature is clearly illustrated on these 
profiles, and this increase of motional averaging is ob- 
served all along the lipid chains. As previously mentioned, 
the dePaked spectra show, in addition to the change in 
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Fig. l.  a Powder patterns and b dePaked spectra 
of POPC-d31 at various temperatures 
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Fig. 2. a Order profile of POPC-d31 derived from the spectra in 
Fig. 1. (+) 0 °C, (e) 20 °C, (A) 30 °C, (o) 50 °C, (n) 60 °C and ( x ) 70 °C. 
b Ratios of S(n) at (+) 0°C, (o) 20°C, (A) 30°C, (.) 50°C or (m) 60°C 
over S(n) at 70 °C 

order, a modification of the distribution of order along 
the acyl chains. In order to highlight the change in distri- 
bution, the ratios of different order profiles have been 
plotted in Fig. 2b. The common denominator for these 
ratios is the S(n) profile obtained for POPC-d31 at 70 °C, 
the highest temperature employed, which exhibits the 

smallest order parameters. The ratios therefore represent 
the relative increase of S(n) versus n induced by cooling. 
As seen in Fig. 2 b, no single scaling factor can express the 
change of S (n) induced by the temperature variation. For 
the segment near the interface, the ratio is quite constant; 
this is not surprising considering this corresponds to the 
ratio of the plateau segments typical of the L~ phase. 
Subsequently the diminution in order becomes more pro- 
nounced towards the end of the chain. For example the 
ratio of {S(n) at O°C}/{S(n) at 70°C} equals 1.6 for the 
first carbon positions and reaches 2.5 near the end of the 
chain. This indicates that for a given increase of tempera- 
ture, the increase of motional averaging is not uniform 
along the chain, but is larger near the end. 

Effect of the polar headgroup composition 

The chemical composition at the bilayer interface can 
also modulate the order of the acyl chain. It has been 
shown that, in the L~ phase, the acyl chain order observed 
for lipids with different headgroups may be different 
(Perly et al. 1985) and it has been reported that lipid 
mixtures exhibit order parameters intermediate between 
those observed for the pure species (Cullis et al. 1986). In 
order to obtain insight into the influence of the head- 
group composition on the order profile, POPE, POPC 
and various mixtures of these two lipids have been 
studied. Figure 3 shows the powder patterns and the 
dePaked spectra of several mixtures of POPE and POPC, 
recorded at 30°C. For these different mixtures, the 
palmitoyl chain of POPE or POPC was labelled. The 
order detected by the palmitoyl chain is practically 
independent of the lipid bearing it. This is demonstrated 
by the very similar spectra of the equimolar mixture of 
POPE/POPC obtained from POPE-d31 or POPC-d3t.  
A linear decrease of the quadrupolar splittings is ob- 
served as the proportion of POPC is increased in the 
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Fig. 3. a Powder patterns and b dePaked 
spectra obtained for different mixtures of 
POPC and POPE at 30 °C 
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Fig. 4. a Order profiles obtained at 30°C for different POPC/ 
POPE mixtures derived from the spectra in Fig. 3. (+) pure POPC- 
dal, (A) POPC-d31 : POPE 50 : 50, (o) POPC : POPE-d31 50 : 50, 
(.) POPC : POPE-d31 76 : 24 and (i) pure POPE-d31. b Ratios at 
30°C of S(n) of (A) POPC-d31 : POPE 50 : 50, (o) POPC : POPE- 
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over S(n) of pure POPC-d31 

mixture. A reduction by 26% of the mean quadrupolar  
splitting is observed between pure P O P E  and pure 
POPC.  I t  may also be observed that the width of the 
peaks is markedly broader  for the lipid mixtures than for 
the pure lipid species. The origin of this broadening will 

be discussed in the next section. As can be seen in Fig. 4, 
changes similar to those presented for the temperature 
variation can be observed. The order profiles are plotted 
in Fig. 4 a. The values obtained for the pure lipids are in 
good agreement with the order parameters  obtained pre- 
viously using specifically labelled lipids (Perly et al. 1985). 
Ratios of order profiles are also displayed (Fig. 4 b) where 
the order profile of pure P O P C  (the one with the smallest 
quadrupolar  splittings for this set of samples) is used as 
the common  denominator.  The change of the chemical 
composit ion at the interface affects the order of the whole 
chain; for an increasing proport ion of POPE,  S(n) is in- 
creased for every value of n. Based on the ratios of order 
parameters,  a larger effect is observed at the end of the 
chain than for the methylene groups near the interface. 

Effect of cholesterol 

As mentioned in the Introduction,  cholesterol has a 
dramatic  ordering effect on the lipid chains. Here the 
effect of  cholesterol on the shape of the order profile of  
the acyl chains of  POPC has been investigated; spectra 
of  POPC-d31 for cholesterol content varying f rom 0 to 
45(mol)% were recorded at 30 °C (Fig. 5). All the spectra 
are characteristic of  the liquid crystalline phase but as the 
propor t ion  of  cholesterol is increased, the quadrupolar  
splittings become progressively larger. The addition of  
45(mol)% of  cholesterol in a POPC bilayer leads to a 
remarkable  80% increase in order for the methylene 
groups near the interface. As observed for changes of  
temperature and headgroup composition, the change in 
the absolute values of  S (n) induced by cholesterol is 
accompanied by a change in the order distribution along 
the lipid chain as indicated by the number  of  resolved 
doublets observed on the dePaked spectra. The order 
profile as well as the order parameter  ratios are shown in 
Fig. 6. The ratios have been calculated using the values 
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Fig. 5. a Powder patterns and b dePaked 
spectra of POPC-d31 for various 
cholesterol content (in tool%) obtained 
at 30 °C 
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Fig. 6. a Order profiles of POPC-d31/cholesterol system at 30°C 
derived from the spectra in Fig. 5. (+) pure POPC, (o) 5%, (A) 10%, 
(.) 20%, (i) 30% and ( x ) 45% (in tool%) of cholesterol, b Ratios 
at 30°C of S(n) of POPC bilayer containing (o) 5%, (A) 10%, 
(*) 20%, (i) 30% or ( x ) 45% of cholesterol over S(n) of pure POPC 

obtained for pure POPC at 30 °C as the common denom- 
inator. As can be seen the ordering effect of cholesterol is 
observed along the entire lipid chain and again this effect 
is relatively more pronounced near the end of  the chain as 
compared with the plateau section. 

D i s c u s s i o n  

All the order profiles presented here exhibit the bilayer 
signature,  however two features of the orientational order 
profile have been shown to be affected by variations in 
temperature, headgroup composition and cholesterol 
content. First, the magnitude of the order parameters can 
be modulated, and second, as shown here, the shape of 
the order distribution itself can also be modified. The first 
point of  interest is whether there is a relationship between 
these two changes. The magnitude of the order can be 
expressed as the average value calculated from the S(n) ,  
(S>. Analogously the distribution of  order along the 
lipid chain can be characterized by the relative mean 
squared width of the order parameter distribution, A2, 
defined as 

( S  2 > - (S> 2 

A 2 - (S>2 

The width primarily reflects the length of  the plateau; the 
longer the plateau, the narrower the width of  the distribu- 
tion, The contribution of  the terminal methyl groups has 
been omitted from these calculations because their differ- 
ent symmetry leads to a very small quadrupolar  splitting 
and a variation in order distribution along the methylene 
groups is de-emphasized. 

Figure 7 represents the variation of A 2 versus (S> for 
the methylene groups of the lipid palmitoyl chain ob- 
served for different polar headgroup compositions, tem- 
peratures and cholesterol contents. Each set of symbols 
corresponds to the variation of temperature for a given 
sample. As can be seen, this covers a wide range of order 
parameters and leads to a variation of (S> by a factor 3. 
The largest value is 0.35. This average value over the 
whole chain (the value at the plateau is 0.42) corresponds 
to a very ordered system since the value calculated for a 
trans methylene group rotating about the bilayer normal 
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is 0.5 (Seelig and Seelig 1980; Ipsen et al. 1990). Over this 
wide spread of order a general trend can be inferred: A2 
decreases as <S> increases. This indicates that the shape 
of the order distribution is correlated with the mean order 
parameter. The plateau length is longer when the acyl 
chains are more ordered. 

This behavior is likely to be a general feature of bi- 
layer membranes. Similar conclusions have been drawn 
from a study on biological membranes. For example, in 
isolated membranes of Acholeplasma laidlawii labelled 
with palmitate-d31 an increased order observed at lower 
temperatures is accompanied by an augmentation of the 
length of the plateau region (Davis et al. 1980). 

The correlation between the absolute values of order 
parameters and the shape of the order profiles is perhaps 
surprising since factors which can influence order are 
intrinsically different. Temperature affects the motions 
responsible for the averaging of the quadrupolar inter- 
actions. The polar headgroup composition influences the 
acyl chain order in an indirect way by modulating the 
behavior at the water-lipid interface. It has been pro- 
posed, for example, that the smaller size of the POPE 
headgroup compared to POPC leads to a lateral com- 
pression of the lipid acyl chains restricting the motional 
freedom (Lafleur et al. 1990a). Finally, the presence of 
cholesterol modulates the lipid chain order directly 
through intermolecular interactions. However, all of 
these factors influence the orientational order profile in a 
similar manner. This can be illustrated by the fact that 
different combinations of experimental conditions lead- 
ing to similar S (n) for a given n give, to a first approxima- 
tion, similar order all along the chain. An illustration of 
this behavior is shown in Fig. 8 where for different phos- 
pholipid compositions, temperature and cholesterol con- 
tents, three bilayer systems exhibit a very similar order 
profile. This suggests that the magnitude of the order 
parameters and the distribution of order along the acyl 
chain are dictated by the same forces and implies that the 
order profile can be described by very few parameters. A 
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Fig. 8. Order profile of (i) POPE-d31 at 60°C, (A) POPC-d31 at 
20°C and (o) POPC-d31 : cholesterol 90 : 10 at 40°C 

variety of different parameters have already been suggest- 
ed. Using the van der Waals model, Meraldi and Schlitter 
(1981) have used the lateral pressure as the crucial param- 
eter to simulate the order distribution. The absolute value 
of order parameters as well as the plateau length are both 
affected by a change of lateral pressure and their calcula- 
tions predict that the plateau should be longer for more 
ordered chains. Alternatively, using a statistical ap- 
proach, Dill and Flory (1980) have simulated the order 
profile considering as determinant parameters the surface 
density and the chain length and assuming that the densi- 
ty is conserved throughout the lipid layer. For increasing 
surface density, an increase of both the plateau length and 
the order parameters is predicted. Similar conclusions 
have been obtained using the bilayer thickness as the 
crucial constraint determining the whole S(n) curve 
(Ipsen et al. 1990). It should be emphasized that these 
approaches are intimately related. Surface density and 
bilayer thickness are interdependent (assuming lipids 
form an incompressible fluid), and the lateral pressure 
exerted on the lipid acyl chains essentially modulates 
these two parameters of the bilayer. The ZH-NMR mea- 
surements presented here indicate that the coupling be- 
tween methylene groups of lipid acyl chains gives rise to 
a correlation length for local changes in orientational 
order of much greater than one C - C  bond length. Under 
these circumstances, local perturbations at specific posi- 
tions are not expected to produce localized changes in 
S(n), but to affect the entire S(n) versus n curve. 

Lipids may be characterized by the temperature (T m) 
at which they undergo a transition from a gel phase to a 
liquid crystalline phase. Differences in Tm have been tenta- 
tively proposed to account for the different chain order 
observed for different lipids (Seelig and Browning 1978). 
This had led to the concept of reduced temperature de- 

T--T,, 
fined as 0 = - - ;  for a given reduced temperature the 

< 
orientational order is proposed to be equivalent (Seelig 
and Browning 1978). In this regard the gel to liquid 
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crystalline phase transition of POPE and POPC is 
different; it is approximately 22°C for POPE-d3~ (as 
determined by calorimetry) and - 6 ° C  for POPC-d3~ 
(J. Thewalt, personal communication). As shown in Fig. 9, 
the order parameters in the plateau region of the acyl 
chain for POPC and POPE compared on a reduced tem- 
perature scale are closer than if the comparison is made 
on the absolute temperature scale but are still different by 
5-10%. The validity of the reduced temperature normal- 
ization has been also challenged by the fact that the order 
parameters of the plateau for DMPE have been found to 
be larger by 15% than those for DMPC when the com- 
parison was made on a reduced temperature scale (Marsh 
et al. 1983). For more complex systems, the correlation 
between reduced temperature and S(n) is even more prob- 
lematic. For example, recent studies (Vist and Davis 1990) 
show clearly that a new type of fluid phase is observed in 
DPPC/cholesterol mixtures having more than about 
20% cholesterol. These mixtures exhibit no gel to liquid 
crystalline phase transition and have large values of S(n). 
So, based on the comparison of the head group effect and 
that of cholesterol, it appears that the correlation between 
reduced T,, and S(n) is not straightforward and should be 
used with care. 

The variation of the shape of the distribution as a 
function of the average order behaves to a first approxi- 
mation in a universal manner but a detailed analysis 
shows that distinctions can be made. For example, the 

same average order of the acyl chain of POPC can be 
obtained when the cholesterol content and the tempera- 
ture are increased (changes in the two factors "cancel out" 
each other). However for a given mean order parameter, 
the value of A 2 is significantly larger for the sample with 
high cholesterol content and high temperature. A similar 
observation can be made from the ratios of order parame- 
ters. The ratios of order parameters for POPC-d31 at 0 °C 
over those at 30 °C varied from 1.29 at the beginning of 
the chain to 1.58 for the last positions. For the addition of 
cholesterol, the ratios at 30°C obtained for the order 
parameters of POPC-d31 : cholesterol 80 : 20 over those 
of pure POPC-d31 vary from 1.32 to 1.48. So for a given 
change in the plateau region, cholesterol is relatively less 
effective near the end of the lipid chain than a decrease of 
temperature. These observations can be related to the 
molecular shape of cholesterol itself. The rigid ring system 
of cholesterol which is proposed as the origin of the 
straightening effect is not long enough to go through a 
whole lipid layer. This arrangement may lead to a less 
constrained area under the bulky ring system and then 
the end of the lipid acyl chain experiences less restrictions 
for the motional averaging. It should be stressed however 
that our results show clearly that the order parameters all 
along POPC chain increase in the presence of cholesterol. 
A comparison of the effect of cholesterol on DMPC la- 
belled at various positions along the acyl chain has led to 
the proposal that the stiffening effect of cholesterol is 
generalized throughout the bilayer (Oldfleld et al. 1978; 
Dufourc et al. 1984). The order profiles obtained for 
POPC : cholesterol system presented here are in good 
agreement with that conclusion. Even more, they show 
that the relative order of the end part is more affected by 
the addition of cholesterol than at the plateau level. 

Finally, we would like to comment briefly on the 
interesting variation in the linewidth in the spectra of 
POPE/POPC mixtures. So far, in our study, the focus 
has been on the average values of order parameters and 
on the order distribution along the phospholipid chain. 
The 2H-NMR measurements on POPE/POPC systems 
provide additional information. The doublets of POPE/ 
POPC mixtures containing 24 or 50% of POPC show an 
extra broadening compared to those observed for the 
pure lipid spectra. It is a general observation for the whole 
acyl chain. This extra broadening may be related to a 
probability distribution of order probed by every carbon 
position. In bilayers containing only one lipid compo- 
nent, the environment of every lipid is equivalent. How- 
ever in a lipid mixture, the quadrupolar splittings of each 
deuteriated lipid molecule are averages over an ensemble 
of local lipid composition because of lateral diffusion in 
the bilayer plane. Since the average orientational order 
is sensitive to the average POPE/POPC proportion, this 
sampling may contribute to the extra broadening ob- 
served in phospholipids mixtures. The broadening may 
also include a T2 effect associated with the randomly fluc- 
tuating time dependence of the quadrupolar splittings as 
the molecules diffuse through regions of different lipid 
compositions. A more detailed investigation is necessary 
to establish the relative importance of these different 
mechanisms of line broadening. 
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