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In order to help bridge the conceptual gap between experimental data on chains of phospholipid molecules and 
their microscopic organization, a theoretical model has been proposed in a preceding paper. The intentions 
associated with the new theory were to describe a model able to reproduce accurately the experimental data. 
This capability is essential to monitor some of the mechanisms behind the physical data. The results presented 
here show first that, provided a suitable fitting of the phenomenological parameters entailed in the model, the 
theory indeed gives good agreement with experimental data (2H-NMR, neutron scattering, calorimetry) obtained 
for a dipalmitoyl-3-sn-phosphatidylchollne bilayer. This property of the model is then specifically used to 
describe the nature of the perturbing effects of local anaesthetics and cholesterol on the organization of the acyl 
chains and to correlate these effects with the experimental data. Finally the theoretical model is used to supple- 
ment experimental data by describing the acyl chain organization in terms of the most probable spectrum of 
chain conformations. Predictions are made about the one-, two- and three-dimensional mean spatial characteris- 
tics of the acyl chains. 

Introduction 

As the phospholipid bilayer is recognized as an 
important component of biological membranes, it has 
been studied extensively by various physical tech- 
niques. A comprehensive picture of the thermotropic 
and lyotropic properties of these systems as well as 
their overall organization has resulted from such 
investigations [1]. Experimental data, however, 
although they are already highly informative, acquire 
a still deeper meaning at the molecular level if they 
can be reproduced and analyzed by means of a theo- 
retical model. Moreover such a model can well supple- 
ment the experimental approach by giving access to 
physical quantities beyond the scope of the experi- 
ment. 

The theoretical derivation of a model and its 
necessary parameters has been described in the pre- 
ceding article [2]. For such a complex system as a 
phospholipid bilayer the theoretical problem can only 
be solved by the introduction of approximations. The 
very specific goals of a theory, however, narrow the 
choice of the approximations and determine the type 
of the model [2], One of the aims of this paper is to 
investigate how thermodynamic averages over all pos- 
sible chain configurations of the bilayer system might 
yield the orientational order data obtained from 
deuterium magnetic resonance (ZH-NMR) [3]. One 
related goal is to examine how the experimental data 
would be modified specifically when the distribution 
of the possible configurations is perturbed. To answer 
this type of question first it is necessary to consider a 
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physical situation and to reproduce exactly the exper- 
imental data. However such a model can only be 
solved by resorting to approximations. This condition 
leads to inclusion in the theory several phenomeno- 
logical parameters of which the numerical values are 
obtained by data-fitting. The model uses in the parti- 
tion function all the possible chain configurations 
(trans, gauche rotational isomers [4]). The principal 
assumptions were that the anisotropy of interaction 
between the chains is modified to account for the 
attractive forces by the molecular field approxima- 
tion and for the short-range repulsive forces by a 
hard-core potential. The influence of the interactions 
in the polar head-group region on the area of one 
chain is accounted for by an effective lateral pressure. 

The model is applied to analyze the thermotropic 
behaviour and describe the acyl chain organization of 
a dipalmitoyl-3-sn-phosphatidylcholine (DPPC) 
bilayer. In the first section starting from Pc, the theo- 
retical expression for the statistical weight of any 
chain conformation, as derived in the preceding 
paper, numerical calculation of various thermody- 
namical quantities is carried out. A brief discussion of 
some of the computational aspects of this problem is 
also given. 

In the main section we test first the capability of 
the model to reproduce experimental results from 2H- 
NMR. Because of the good correlation it is then pos- 
sible to compare changes in the 2H-NMR experimen- 
tal data with specific changes in the distribution of 
the possible acyl chain conformations. Thus conclu- 
sions can be made about the effect on the membrane 
of, for instance, local anesthetics or cholesterol. 
Moreover a new dimension can be added to the inter- 
pretation of ZH-NMR data. 

The predictions of the model regarding the macro- 
scopic changes of the van der Waals and intramolec- 
ular energy are then compared to those yielded by 
the evaluation of recent dilatometry and calometry 
measurements [5]. The theory is then used to esti- 
mate for each CHz group along the chain the proba- 
bility of all possible configurational states. This very 
detailed information is shown to give a much deeper 
insight into the understanding of the NMR data 
which by itself is limited to the description of angular 
fluctuations. 

In the last part of the paper the model is con- 
cerned with the spatial distribution of the acyl chains. 

The neutron scattering data, which yields one-dimen- 
sional spatial information [6,7], are first reproduced. 
To elaborate more on the mean volume occupancy of 
the acyl chains the model is used to predict their 
three-dimensional spatial characteristics. Thus in one 
sense, the one-dimensional diffraction data can be 
extended to two- and three-dimensional space. 

Theory 

(a) The model 
Eqn. 1, which expresses the conformational one- 

particle distribution function or simply the statistical 
weight of any chain conformation, summarizes the 
main result of the preceding paper [2]. 

Pc = ~ e x p  - 2Ro - ~Bo) o(c)(o(c)) - (2R2 + 13B:) 

¾ 

X o(c) ~ &(cos Oj@))(o(c)" if2) + ~JEint (¢) 
j=l 

where Z is a normalization constant such that Z c Pc = 
1. Here Ro, R2 and Bo, B2 are parameters which can 
be fitted to the experimental data and occur respec- 
tively in the repulsive and the attractive energies of 
interaction. Ns is the number of CH2 segments and 
~3 = 1/kBT. o(c) is a factor which accounts for the 
anisotropy of the energies of interaction on the overall 
shape of a chain conformation c. The arithmetic 
mean is defined by P2(cos O(c))=~ Z~s 1 (3 cos20j - 
( e ) - 1 ) / 2 ,  where Oj(c ) is the angle between the 
normal to the bilayer and the normal to the plane 
spanned by the C-H bonds for the jth carbon. This 
term describes the dependence of the anisotropy of 
the energies of interaction upon the mean orientation 
associated with a chain conformation. The bracketed 
variables signifying thermodynamic averages, (o(c)) 
and (o(c)ffz), are the order parameters of the mean 
field formalism. The volume energy term rrA(c), 
where rr is an effective lateral pressure and A(c)  the 
effective lateral chain area, accounts for the forces 
responsible for the interactions between headgroups 
and headgroup and water in the bilayer structure. The 
effective cross-sectional area A(c) is equated to A oLo/ 



L(c) [8] where A0 and Lo are respectively the area 
and the length of  the all-trans conformation. L(c) is 
the effective length of  the conformation (c), i.e. the 
projected length on the bilayer normal. The intra- 
molecular energy Eint(C ) is evaluated by the rota- 
tional isomeric model [4]. Each carbon-carbon bond 
can take up either a trans (t) or a gauche conforma- 
tion (g÷, g-). The internal energy for a given confor- 
mation (c) is: 

N s 

e .t(c) = E, (c) + (2) 
j =2  

E,(c)  is the internal energy of  the first segment and 
will be more fully discussed under part b) of  this sec- 
tion. Here x = t, g+ or g-, Ex, t(c ) = 0 and Et, g+-(c) = 
E_g±,g~(C) = 500 cal/mol [4]. The sequence g*, g -  and 
g , g are excluded for steric reasons. Since in this 
study some of  the results shall be compared to those 
given by the Mar6elja [8] model, in this case the one 
particle distribution function is: 

/ m exp - [- Vo (e) E P (cos 
Z [ L s j=l 

Most of  the terms of  Eqn. 3 have already been 
defined in describing Eqn. 1. Vo is a coupling con- 
stant which will be used as parameter in fitting the 
theoretical model to the experimental data. In order 
to make effective the comparison between Eqn. 1 and 
3 we set in Eqn. 1 o(c) =Ntr/Ns, where Ntr is the 
number of  segments in the trans configuration. 

(b ) The geometry 
In all the computations presented in this paper the 

motion with respect to the axis of  motional averaging 
defined as the normal to the bilayer is considered to 
arise solely from chain isomerisation. Rigid body 
motion, which has been suggested to occur in bilayers 
[9] has not been included, since it seems that this 
type of  motion is not compatible with some observed 
data (Meraldi, J.-P., unpublished results). However, 
for the present calculation this deliberate choice will 
be considered as an assumption. 
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According to the formalism of  the model (see Ref. 
2), the hydrocarbon chain is identified with a 
sequence of  vectors ~- linking the middle points of  
two adjacent C-C bonds as depicted in Fig. 1A. The 
conformational state of  a chain is therefore com- 
pletely described by the rotameric state (t, g) of  each 
CH2 monomer and the polar angle 0 with respect to 
the bilayer normal of  each v-vector, as illustrated by a 
few examples in Fig. lB. The practical evaluation of  
the conformations is achieved by attaching a labora- 
tory frame of  reference to the bilayer normal (Z axis 
parallel to the bilayer normal) and a molecular axis to 
each CH2 monomer as defined in Fig. 1C. With these 
definitions a vector ~. = b • U)., where ~. is a unit vec- 
tor and b the length of  the vector, is obtained in the 
laboratory system from the following equation: 

~ L  = T ~ T / . _ I . . . T I ~ L  ( 4 )  

where u ~ is a unit vector with coordinate (0, O, 1) 
and the T's are orthogonal transformation matrices. 
In the case of  Tj the j -  1 th ~ ' s t e m  is transformed 
into the jth. v-~ is equal to b • uj whereas its director 
cosine with respect to the bflayer normal is (u-~j)z = 

C:O 

H f <  v 1 

v 2 /~CH z 

HzC( v~ 

)OH z 

H,C-,/,I 
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Fig. 1. Schematic representation of the chain conformations 
and the definition of the different coordinate systems 
attached to each molecules. (A) The CH2 groups are replaced 
by ~1" vectors connecting the midpoints of consecutive seg- 
ments. (B) Examples are given of chain conformations in the 
segmental representation, where (x, 0) specifies the rotemeric 
state of the individual segments, x stands for trans (t) or 
gauche (g) and O is the polar orientation of the segment and 
is shown in degrees, i.e., 0 °, 60 °, etc. (C) This defines the 
molecular axes attached to each CH 2 monomer, where xi, y] 
and z/represent an orthogonal system. 
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cos Oj. Taking the C-C bond angles as tetrahedral, the 
matices 7'2 to T i, which express each one of the three 
rotational states are of one of the following types: 

T( t )  = - 1  

0 

T +  +) : o 

: ½ Q (s) 

T1 is related to the possible orientations of the first 
chain vector. Experimentally, however, nothing is 
accurately known about the possible orientational 
states of the vector ~-1 and their contributions to the 
internal energy the term El(c) given in Eqn. 2. The 
simplest way to overcome this difficulty is to assume 
orientational state of the same kind as for the other 
chain vectors, i.e., states which may be described by 
the matrices (Eqn. 5) or combinations of  these 
matrices. We choose therefore three orientations, 
introduced by Schindler and Seelig [10], which are 
best defined by introducing two virtual vectors pre- 
ceding the first one as following: tt/t, tt/g and tg/t. 
The energies which effectively weight each state are 
assumed to be those which give the best fit of the 
deuterium quadrupole coupling of the first methylene 
group. 

The length L(c), needed for the expression A(c) = 
AoLo/L(c), is given by 

L(c) : b Gcos  0i(c) 
j=l 

(6) 

Since the chains have to exist in a bilayer structure, 
L(c) can never become negative. This is the only 
restriction on chain isomerization. For the numerical 
computation b = 1.27 A and Ao = 20 )~ [11]. Chain 
one and chain two are considered as equivalent and 
formally the phospholipid molecules are treated as 
one chain. 

(c) Some aspects o f  the computer program 
The first step in the numerical analysis is to evalu- 

ate the molecular fields, the so-called order param- 
eters of the mean field formalism (Ntr/N s) and 
(Ntr " ff2/Ns) in Eqn. 1. This is achieved by solving 
iteratively the system of self-consistent equations. 

I~s} : ~ PcNtr (e)/Ns c 
(7) 

(Nt r '  ~/N s) = G PeNtr(C) P2(cos 0 (e))/N s 
c 

In the neighbourhood of the order-disorder transi- 
tion, the system of Eqn. 7 displays two stable solu- 
tions corresponding to the gel and the liquid crystal- 
line states [2]. The final numerical evaluation of the 
molecular fields occurs when the free enthalpies of 
both states are equal. 

For each step of iteration the solution of the Eqn. 
7 involves an evaluation of all the relevant conforma- 
tions and their respective statistical weights. Since the 
generation of the conformations is the most time-con- 
suming part of the computation, it is important to do 
this only once. However during the iterative solution, 
it is not possible to store each individual conforma- 
tion. To solve this problem the follwoing procedure 
has been used. The greatest possible part, which 
remains unchanged during iteration, is extracted by 
rewritting the partition function as a double integral 
over the ranges of the molecular fields. The integrals 
are then converted into sums in the usual way. 

Ns 
- (2R: +/3Bz)N~ff tr (c)- ~P2(cos  O/(c)) 

1% j=l 

X \ N  s ~ +13Eint(C ) 131IA 

Ntr/Ns)max (Ntr'P2)max 
= d.x d/" dy 

(Ntr/Ns)min (Ntr'P2)min 

[~ce-~(Eint(c)+HA<c))(~(X Ntr (C)) 

p(x,y) 
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x S (y - Ntr (c)P~(cos 0 (c))] 

~ Pi] exp - 2Ro - •Bo) Wtr 
i = l ] = 1 X i  

(8) 

The necessary information about the conformations 
is contained in the weight density matrix Pi! which 
has to be calculated only once. The accuracy of the 
sum approximation can be tested by varying the 
number of intervals, Nx and Ny. Typically values of 
Nx and Ny of 30 were used and by taking advantage 
of all the symmetries in generating the conforma- 
tions, the programme runs in a UNIVAC 1100/81 
in roughly 1 min and uses less than 40K of memory. 

Results and Discussion 

through the acyl chain yields the so-called order 
prof'de. It is characteristic of the segmental order 
within any defined bilayer [3,12,13]. 

The theoretical model is first used to reproduce 
the experimental order profile determined for chain 
one of a bilayer consisting of dipalmitoyl-3-sn-phos- 
phatidylcholine at the phase transition temperature, 
314 K [14]. This is achieved by adjusting the param- 
eters Ro, R2, Bo, B2 and El(c ) in Eqn. 1 for an 
optimal fit and by requiring in addition the equality 
of the free enthalpy in the gel and liquid crystalline 
phase. The result is shown in Fig. 2A (top curve) 
where the symbols correspond to the experimental 
data. This fit is, however, sufficient only to determine 
the numerical difference (2R0-/3B0) and the sum 
(2R2 + #B2). The entropy change AS at the phase 
transition and the temperature dependence of the 
order parameters can be used to obtain the individual 
constants. AS, as determined by calorimetry, is the 
sum of various entropy contributions, which experi- 
mentally, are not individually accessible. These are: 
the intra-chain melting entropy, the spatial disorder- 
ing entropy and the entropy of the water molecules 
interacting with the head groups. The model, how- 
ever, yields only the intra-chain melting entropy. In 
order to compare the experimental and the theoreti- 
cal data, it is necessary to estimate the spatial dis- 

(a) The 2H-NMR order profile 
In an external magnetic field, Ho, parallel to the 

bilayer normal (the axis of monotional averaging), the 
quadrupole splitting of a deuteron attached to the 
ith carbon atom, i, is 

3 e2qQ Sc2Hi Avi - (9) 

where 

3 cos2/3i - 1.). 
SC2Hi = 2 

Here e2qQ/h is the static quadrupole coupling con- 
stant and ~ the angle between the bilayer normal and 
the C-2H bond [3]. The brackets means that all of the 
orientations of the C-2H bond with respect to the axis 
of symmetry have been averaged. The set of SC2Hi 
values obtained when the deuterated carbon is moved 
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Fig. 2. Comparison between calculated and exper imental  
SC2 H order profiles. The results are shown at the phase trans- 
ition temperature ,  Tc = 314 K and at T = 323 K Fig. 2A uses 
the  me thod  in reterence [21 while Fig. 2B contains curves 
resulting from the Mar~elja model.  The exper imental  data are 
taken f rom Seelig and Seelig [14] and are shown by the 
points.  The lines represent  the theoretical results.  
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ordering entropy and the entropy contribution of the 
water molecules. If the bilayer is undergoing an endo- 
thermic phase transition, the membrane surface 
expands. More water molecules should become organ- 
ized in the polar head group region, so the entropy 
contribution to AS should therefore be negative [15]. 
To estimate this negative entropy contribution we 
may combine the two following observations. 
According to Nagle and Wilkinson [5] a minimum of 
N s = 6 chain segments is necessary to guarantee the 
existence of a sharp cooperative phase transition. 
According to Seelig [15] the overall entropy change 
is linearly related to the chain length. The negative 
entropy may be estimated by extrapolating in the 
curve of AS vs. Ns to N s = 5. The result is AS (H20) = 
-4 .0  (e.u./mol). The extrapolation is subject to error 
since the experimenthl set of data is insufficient to 
justify linear relationship. 

The spatial disordering entropy has been estimated 
to be of the order of 1.0 e.u./mol [16], this yield 
finally for DPPC, an intra-chain melting entropy per 
CH2 segment of 0.96 e.u./mol CH2. Use of the 
Clausius-Clapeyron equation with the numerical 
values given in the work of Nagle and Wilkinson [5] 
yields AS = 0.905 e.u./mol CH2. The Ro, R2, Bo, B2 
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Fig. 3. Comparison between calculated and experimental 
SC2 H order parameter of CH2 segments 5, 8, 10 and 14 as 
a function of temperature. The lines shown in Fig. 3A are the 
theoretical results from this model, while Fig. 3B contains 
the results from the Mar~elja model. The experimental data 
are taken from Seelig and Seelig [14] and are indicated by 
the points. 

constants are therefore recalculated to give the best 
fit of the temperature dependence of the order 
parameters and simultaneously this value of the 
entropy change at the phase transition. However, it 
must be noted that beyond an entropy range of 
0.87 ~< AS(CH2) ~< 1.04, a reasonable fit of the tem- 
perature dependence is no longer obtainable indepen- 
dent of the values of the R0, R2, Bo and B2. More- 
over, in the above entropy range, the best fit of the 
temperature dependence for R0, R2, Bo and B2 in 
each case gives about the same set of values. 

To give a striking example of the ability of the 
model to reproduce the temperature dependence of 
the order parameters, they have been computed in 
two different situations. In Fig. 2A (bottom curve) 
the entire order profile is simulated at T = 323 K 
(Tc = 314 K) and the result is again compared to the 
experimental data (symbols). In Fig. 3A four order 
parameters of representative C2H2 segments, namely, 
5, 8, 10 and 14, are simulated over a large range of 
temperature (314 K to 350 K) and are compared to 
the experimental points (symbols). The numerical 
values of all the input parameters needed to perform 
the simulations are listed in Table I. 

As already pointed out in the preceding paper, the 
numerical values of Ro and R2 as shown in Table I 
cannot be related to physical properties. Instead these 
parameters express the mean values of some geometri- 
cal properties of the chains not precisely expressed by 
the order parameters of the molecular field theory. 
However they are essential for reproducing the 
strength of the intermolecular interactions. B0 and 

TABLE 1 

INPUT PARAMETERS OF THE ONE-CHAIN DISTRIBU- 
TION FUNCTION 

Ro/CH 2 0.4229 (tool 
R 2 0.1602 (mol 
Bo/CH 2 632.7 (cal/mol 
B 2 35 2.0 (cal/mol 
A o 20.0 A 2 
b 1.27 A 
11 14.7 dyn/cm 
Eg 500 cal/mol 
E 1 ( t t / t )  0.0 cal/mol 
E 1 ( t t /g )  -200.0 cal/mol 
E 1 ( tg / t )  -360.0 cal/mol 

CH2) -1 
CH2) -1 
CH2) 
CH2) 



B2 are coupling constants of the van der Waals forces. 
However, the anisotropy of the attractive interaction 
arises chiefly from the anisotropy of the hard-core 
repulsions and Bo and B2 are not pure coupling con- 
stants in the formalism of the model. Like Ro and R2 
they express some mean geometrical properties of the 
chain molecules. Some physical bounds on these 
variables can be determined. The sum of Bo and B2" 
must not exceed 1.184kcal/mol, the sublimation 
energy of a CH2 monomer [17]. The best fit values 
given in Table I fulfill this requirement. 

Even though it is not possible to relate the numer- 
ical values of Ro, Rz, Bo and B 2 with physical con- 
stants, their role with regard to order in both phases 
and the strength of the first-order phase transition 
can be described. An increase in the value of R2 or B2 
results in a greater increase in the order in the gel 
phase than in the fluid phase and leads to a stronger 
first order phase transition. Conversely, an increase of 
Ro reduces the order in both phases, but by a greater 
amount in the gel phase. In that case there is a weaker 
first-order phase transition. Finally, the order will 
increase more in the fluid phase than in the gel phase 
when Bo is set to a higher value. Therefore when the 
values of R2, B2 and Bo are increased independently 
the phase transition will be shifted to higher tempera- 
tures. Tc is shifted to lower values when R0 is 
increased. All of these parameters influence the shape 
of the simulated order profile, it being noted, how- 
ever, that their contribution to the statistical weight 
of each chain conformation is different. However, 
these effects are not very large. More important is 
the possibility of obtaining a suitable value of the 
lateral pressure, which can be done by altering the 
relative values of the simulation parameters, and ful- 
fill the conditions for a phase transition. As it will be 
shown subsequently the laterall pressure has an 
important effect on the shape of the order profile. 
the best fit of the order prof'fle is obtained with an 
effective lateral pressure of n = 14.7 dyn/cm. 

According to Hui et al. [18] and Nagle [19], n 
should be equal to 50 dyn/cm. This value is based on 
the idea that at this pressure, a monolayer exhibits a 
bilayer-like packing. In contrast, Albrecht et al. [20] 
proposed that a monoleyer and a bilayer are in an 
equivalent state when the changes in area and entropy 
at the phase transition are equal. Thus they found a 
n value for a DPPC bilayer of 12.5 dynes/cm. Finally 
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Blume [21 ] claimed that both systems are equivalent 
when the absolute area and the area change are the 
same, finding thus for 7r (DPPC) a value of 30 dyn/ 
cm. In the simulation studies, it would be easiest to 
assume that the definition of Albrecht et al. [20] is 
the most appropriate. However rather than adopting 
any of the aforementioned values, we are proposing 
that both systems are equivalent when the reduced 
variables are equal [22I. This definition implicitly 
assumes the existence of a critical point for a bilayer 
[14,23,24]. The critical point for our model is found 
to occur at 328 K and 31 dyn/cm. For a monolayer 
of DPPC the corresponding experimental parameters 
are respectively 316 K and 45 dyn/cm [20]. There- 
fore, according to the reduced variables procedure, 
the phase transition of a DPPC bilayer at 314 K and 
14.7 dyn/cm should correspond to a phase transition 
of a DPPC monolayer at 302.5 K and 21.3 dyn/cm. 
The lateral pressure-area diagram of a DPPC mono- 
layer published by Albrecht et al. [20] shows that the 
prediction of the model is verified to within less than 
one percent. Hence the value of 14.7 dyn/cm is at 
least consistent within the frame of the theoretical 
model. 

Unlike the parameters R0, R2, Bo, B2, n is a very 
important parameter in the simulation of the overall 
shape of the order profile. This is illustrated in Fig. 4 
where the order profile of DPPC has been calculated 
under three different pressures. The most noticeable 
change is in the width of the plateau region. An 
increase in the lateral pressure results in a broadening 
of the plateau,whereas the plateau tends to disappear 
as the pressure is decreased. Parenthetically, Fig. 4 
also illustrates how the pressure shifts the phase trans- 
ition temperature as each theoretical profile has been 
obtained under the conditions of a phase transition. 
Fig. 4 reproduces qualitatively the experimental 
results of Mely et al. [25] obtained on a potassium 
laurate/water system where the water content of the 
lamellar phase was varied. Since the area per polar 
head is changing with changes in the water concentra- 
tion, the observed effects on the plateau t~ave to be 
attributed to changes in the magnitude of the lateral 
pressure. 

The bottom profile of Fig. 4 provides an explana- 
tion for the shortening of the order profile plateau 
observed when molecules of benzyl alcohol, a local 
anaesthetic, are added to a bilayer [26]. It may be 
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Fig. 4. Effect of the magnitude of the lateral pressure 7r on 
the order parameter profile. The order parameter profile has 
been simulated with three different values of the lateral pres- 
sure and the temperature corresponding to the condition of a 
phase transition. The open circles are the experimental data 
[14]. Of particular interest are the modulation of the length 
of the order profile plateau and of the phase transition tem- 
perature by the magnitude of the lateral pressure. Fig. 4 
reproduces qualitatively the effects observed on lamellar soap/ 
water sys[ems when the content of'water is varied [25]. The 
bottom curve of Fig. 4 shows the qualitative correspondence 
to the changes observed in the order profile of DMPC when 
benzyl alcohol, a local anesthetic, is added to the bilayer 
I26]. 

deduced that the perturbating molecules are sitting 
at the interfacial region of the glycerol backbone 
acting as spacers between phospholipid molecules 
[27]. This results in a decrease of the effective lateral 
pressure and thereby a shortening of the plateau. 

Another conformational parameter, which does 
not  appear explicitly in Eqn. 1 but  also influences the 
length of the plateau, is the degree of hairpin or loop 
bending of the hydrocarbon chains. In the preceding 
section discussing chain geometry, it was specified 
that, in order to deal with the most general case, no 
special restriction is given to ,chain  isomerizations 
within the limits of the rotameric model. Since most 
of the published models [28,34] eliminate a priori 

the loop of a hydrocarbon chain as being unrealistic, 
the simulation presented in Fig. 2A (top curve) has 

been repeated with this restriction to test the effect 
on the theoretical results. The best fits of the order 

profiles at Tc for the restrictive condition (no loop 

allowed) are shown in Fig. 5 and differ notably if the 
whole chain or only the first eight CH2 segments are 
included. The effect on the width of the plateau, 

especially in Fig. 5a, which represents the result for 

no allowed loop conformation, is dramatic. Again 

this observation may be linked to an actual situation 

in certain 2H-NMR measurements. Indeed one of the 

most noticeable effect on the shape of the order 
profile in the presence of cholesterol, is a broadening 

of the plateau region [26]. Clearly the rigid choles- 
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Fig. 5. Tile sensitivity of the theoretical profile to a priori 
conditions on the distribution of the possible chain confor- 
mations. Two examples of calculated order profiles are given 
and compared with the experimental data [14] indicated by 
the open circles. In one case (a), the segments have not been 
allowed to fold back whereas in (b) only the first light seg- 
ments cannot fold back. Note in case (a) the dramatic 
influence on the length of the plateau of the order profile, 
an effect which is qualitatively observed when cholesterol is 
added to the bilayer [26]. The results illustrate how the rigid 
cholesterol molecule eliminates many possible acyl chain 
conformations, 
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terol molecule sterically prevents the acyl chains 
from folding back, thus reducing the extent of chain 
isomerisation. The same phenomena is likely to be 
the basis of a slightly larger plateau region for acyl 
chain one as compared to chain two for DPPC [14]. 
As the two hydrocarbon chains occupy different 
depths in the bilayer [35,36] chain two is more 
restricted in the ability to form loop conformations 
than chain one. The result is a lengthening of the 
plateau. Finally it is important to note that the pla- 
teau does not tend to disappear with a decreasing 
lateral pressure if the loop conformations are not 
allowed in the calculation. 

In order to evaluate the statistical model proposed 
here with existing models some comparative calcula- 
tions were carried out. For example, the Mar6elja 
model given by Eqn. 3 [8] is compared in Figs. 2B 
and 3B with that of the present model and with the 
experimental 2H-NMR data, again given by the 
discrete points. The comparison of the two models 
is interesting because they are of the same type but 
differ primarily in the nature of the anisotropic 
interactions between the acyl chains [2]. The dif- 
ferences in the results of the two models offer there- 
fore a good opportunity to evaluate the suitability 
of different theoretical approaches. At the phase 
transition (top curve of Figs. 2A and 2B) both models 
give almost equally good simulations of the experi- 
mental order profile. In Fig. 2B at 314 K the simu- 
lated plateau is somewhat broader than that from the 
experimental results. This broadening in the Mar6elja 
simulation arises from the need for a higher value of 
the lateral pressure 7r to ensure that the free enthal- 
pies of both phases are equal at the phase transition. 
Comparison of the bottom curves of Fig. 2 as well as 
Fig. 3A with Fig. 3B illustrates even more striking 
differences between the theoretical models. In the 
present model, the anisotropy of the short-range 
intermolecular repulsions are introduced as the 
dominant factor governing intrinsic order among the 
chains, while the anisotropy of the attractive forces 
plays a somewhat secondary role [2]. In the Mar6elja 
model only this last contribution is used. The short- 
range repulsions, which are described by a hard-core 
potential leading to Eqn. 1 result in a set of variables 
largely independent of temperature. Such an 
approach accounts for the improved thermal beha- 
viour of this model over the Mar6elja model, It should 

be clear, however, that with this result, we are not 
trying to justify a posteriori the use of more open 
parameters than in the Mar6elja theory. 

(bj Change of  thermodynamic quantities for DPPC at 
the phase transition 

The gel-to-liquid crystal transition involves differ- 
ent energetic contributions which are individually not 
directly obtainable. Using an elegant combination of 
calorimetry and dilatometry and a simple theoretical 
model, Nagle and Wilkinson [5] recently succeeded in 
calculating the change of the rotamer energy and of 
the van der Waals energy for the thermal transition. 
Since the present model yields another way of cal- 
culating these energies it is interesting to carry out a 
comparison between the two approaches. The results 
are given in Table I1 and they were obtained with the 
input parameters for the simulated order profiles as 
given in Table I. The agreement between the two van 
der Waals energies is excellent, whereas our figure for 
the rotamer energy is slightly smaller than that of 
Nagle and Wilkinson. It should be noted that the 
value of this energetic contribution given by Nagle 
and Wilkinson is an estimate rather than experimen- 
tally derived. The similarity in "the results from the 
two models is very important since it demonstrates 
that once the parameters of Eqn. 1 have been 
adjusted on the basis of experimental data such as the 
2H-NMR results, the distribution function may then 
be used reliably to compute data not accessible exper- 
imentally. 

Table II also contains the values of the order 
parameters of the molecular field formalism. They are 
mentioned here only to give a rough idea about the 
extent of discrete change in the conformational order 
at the phase transition. The mathematical formula 
leading to the entropies S(mixing) and S(packing) 
have been given in the preceding paper [2]. 

{c) Probability of  individual segmental configurations 
The Sc2n order parameter is a measure of the 

extent of angular fluctuation with respect to the axis 
of monotional avaraging [37]. The angular fluctua- 
tion is due to rapid conformational isomerizations. In 
other words each chain segment has a probability of 
existing in several different configurations and the 
measured Sc2 n order parameter is the macroscopic 
averaged value of the order parameters corresponding 
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TABLE II 

THERMODYNAMIC QUANTITIES FOR DPPC AT THE PHASE TRANSITION 

Molecular fields Intrachain melting entro- Energies (kcal]mol) 
pies per phospholipid 

gel 0.926 AS (mixing)/R 13.69 AU (rot) 2.43 * 2.8 ** 

N -- 

1 

fluid 0.723 AS (packing)/R 1.77 ~U (vdW) 5.56 * 5.6 ** 
gel 0.778 AS (total)/R 15.46 

fluid 0.2813 

* This model. 
** Nagle and Wilkinson [5 ]. 

to each of these different states. It is the purpose of 
this section to explain the values of the order param- 
eters in terms of the probability of these segmental 
configurations, Sterically favorable sequences involv- 
ing three and five segments in a row have been given 
the name of 'kink' and 'jog', respectively [38,39]. 
Both have been shown to occur with a rather low 
probability [10]. Nevertheless the kink structure is 
felt still to be important. Most of the conformational 
events in the acyl chains are thought to be related to 
the existence of kinks [29,32, 40,41]. Therefore the 
occurrence of these two defects will be discussed in 
this section too. 

As indicated earlier, combinations of the T ma- 
trices (Eqn. 5) yield for the )-vector a set of five pos- 
sible polar orientations with respect to the b/layer 
normal, namely 0 °, 60 °, 90 °, 120 ° and 180 °. Accord- 
ing to the type of the T/matrix in Eqn. 4, the] tn seg- 
ment is said to be either in a trans (t) or in a gauche 
(g) state. Hence each segment is doubly characterized 
and can exist in ten different configurations. The 
probability for each segment along the chain to exist 
in one or the other of these configurations is shown 
in Fig. 6. The first segment has been purposely 
omitted in Fig. 6. The main characteristic of the 
order profde, a plateau and decreasing order toward 
the end of the chain, are apparent from the different 
probability proffies. In addition, it is interesting to 
note that probabilities of the configurations involving 
polar orientations larger than 90 ° are not negligible. 
Such configurations correspond to a loop conforma- 

t/on of the acyl chain. This result confirms the pre- 
vious finding showing the importance of these con- 
figurations on the shape of the order profile. 

Fig. 6 contains also the probabilities of existence 
of a kink conformation as a function of the position 
along the chain. The low probability of this confor- 
mational defect is in close agreement with previous 
results [10]. A value of 0.51 kink per palm/tic acyl 
chain and therefore roughly one kink per DPPC 
molecule at Tc has been determined. In agreement 
with previous estimated [10,42,43] and Raman data 
[44] the calculation predicts an average number of 
20 bonds in the trans state and eight in the gauche 
configuration per DPPC molecule. Therefore the kink 
formation contributes only 25% to the rotamer 
energy. By considering in addition the jog conforma- 
tion (0.17 jog per palm/tic acyl chain) a total contri- 
bution of 33% from these two defects to the rotamer 
energy is obtained. If the disorder in the chains is 
evaluated by the average number of bonds which are 
not in the (t, 0 °) configuration it is found that the 
kinks and the jogs taken together represent 27.5% of 
the observed disorder. Hence these two specific types 
of conformer cannot be the principal component of 
the observed disorder. Moreover, the kink form was 
shown to be in conflict with the dilatometry and 
calorimetry measurements [5,45]. 

If these defects are not the principal source of dis- 
order in the acyl chains it is questionable if any princ- 
iple disordering conformer is likely. A closer look at 
Fig. 6 reveals that the profile corresponding to the 
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Fig. 6. Probabilities o f  a given segment  configuration as a 
funct ion  o f  the segment  number .  The CH 2 segments  are 
defined in Fig. lB.  The results are calculated for the acyl 
chain at T = T c and include the  probabil i ty o f  the  conforma-  
tional defect  labeled 'kink' .  In the  nota t ion  o f  Fig. 1 B a 'k ink '  
is defined by the  segmental  sequence (g-+, 60°), (t, 6 0 %  (g; ,  
0 %  The segment  configurat ion which have a angle, 0, larger 
than  90 ° correspond to the hairpin conformat ions .  The 
influence o f  such conformat ions  on the order profile have 
been shown in Fig. 5. 

(t, 60 °) configuration runs roughly parallel to the 
profile of the (g, 60 °) configuration but with a proba- 
bility which is twice as large. This is strongly indica- 
tive of a conformational trend since these two pro- 
files are correlated. Indeed for geometrical reason a 
segment in a (t, 60 °) configuration can only follow 
another (t, 60 °) segment or a segment in the (g, 60 °) 
configuration. Therefore the larger probability of the 
(t, 60 °) configuration profile indicates a conforma- 
tional trend where a segment in a (g, 60 °) configura- 
tion is followed by several (t, 60 °) segments in a 

row, as follows from the results given in Fig. 7. The 
figure contains besides the (g, 60°), (kink) and (jog) 
profiles, four profiles named (t, 60°; I) to (t, 60°; IV) 
which give the probability for each chain segment 
being in a (t, 60 °) configuration as the first, second, 
third and fourth trans segment respectively imme- 
diately after a segment in a (g, 60 °) configuration. 
The probabilities of such conformers following chain 
segment 2 have been eliminated from the figure since 
they reflect mainly the choice of the initial condi- 
tions. From the results shown in Fig. 7, it can also be 
seen how the (t, 60 °) profile competes with the 
(kink) profile as does the (t, 60°; IV) profile with the 
(jog) profile. In both cases the tendency to maintain 
the (t, 60 °) configuration over a (g, 0 °) one is domi- 
nating. This tendency dominates also the other alter- 
native, a (g, 90 °) configuration. This conformational 
trend is certainly more compatible with the volume 
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Fig. 7. Probabilities o f  a principal disordering conformers  
compared to the probabilities o f  'k ink '  and 'jog'. In the  nota-  
t ion o f  Figure 1B a jog is defined by the segmental  sequence 
(g±, 6 0 %  (t, 60°), (t, 60°), (t, 60°), (g¢, 0% The probabilities 
are calculated as a func t ion  of  the  segment  number  in the 
chain at T = T e. The profiles noted as (t, 60 °, I) to (t, 60 °, 
IV) refer to the  probabili ty for a segment  to be in a (t, 60 °) 
state as the first, second,  third or four th  segment  respectively 
after a (g, 60 °) segment.  
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change observed at the main transition [5], than is 
the kink picture. 

In order to determine whether the configurational 
picture of the bilayer just obtained also holds above 
Tc, the average number of bonds <N> per chain in 
each one of the ten possible configurations as well as 
the average number per chain of kinks and jogs are 
plotted in Fig. 8 as a function of the temperature. 
Note that the changes seen in the lower part of the 
figure are amplified by the change in scale. The prin- 
cipal disordering conformer observed at Tc and dis- 
cussed above is maintained and becomes even more 
likely in the range of temperature examined. Con- 
versely, the probabilities of kinks and jogs are tempe- 
rature independent. 

In the gel phase at Tc 1.2 gauche bonds per chain 
are found, in agreement with Raman data [44]. The 
model indicates that half of them are involved in a 
kink conformation which has a probability of 0.3 per 
chain. In the gel phase the kinks account for 36% of 
the disorder and seem therefore to be more probable 
with close packing [46]. 

(d) Comparison with neutron scattering data and one 
dimensional spatial characteristics o f  the acyl chains 

In the sections a and c the internal order or dis- 
order of the acyl chains has been studied in terms of 
segmental angular fluctuations with respect to the 
axis of motional averaging or in terms of segmental 
configurational probabilities, these quantities being 
closely related. The spatial characteristics of the chain 
conformations also of interest provides compleme- 
tary information which is not unequivocally obtain- 
able from the angular fluctuations. Neutron diffrac- 
tion experiments on selectively deuterated hydrocar- 
bon [7,47] chains can provide some of the necessary 
data to complement ZH-NMR results. Neutron scat- 
tering results can be used to measure the projected 
mean conformation of the chains on the bilayer nor- 
mal. The theoretical model can also be used to com- 
pute similar one-dimensional spatial charateristics of 
the acyl chains. Fig. 9 shows one form of this corre- 
lation in which the mean distances between the CH2 
groups as calculated from the model are compared 
with data from neutron scattering at T = 323 K. The 
measured distances from the center of the bilayer 
(neutron diffraction [6,7]) are plotted along the 
abscissa, whereas the computed distances are shown 
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Fig. 8. Mean number (N> per chain of CH 2 segments in the 
different possible configurations and mean number (N> of 
'kinks' and 'jogs' per chain. The values are calculated as a 
function of the temperature. Note that in the bottom part of 
the figure the scale has been magnified. 

in the direction of the ordinate. The bars correspond 
to the experimental error. The points falling on the 
diagonal line correspond to a perfect agreement 
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Fig. 9. Correlation o f  the mean  distances be tween the CH 2 
groups with neu t ron  diffraction data. The mean  distances are 
calculated from the theory and compared with data f rom 
neut ron  scattering. The exper imental  data,  indicated by the  
points, are taken from Btildt et al. [6]. Since the centre of 
the bilayer is not defined in the theoretical calculation, it is 
necessary to adjust all the calculated distances by some con- 
stant amount. This was done by using the value for carbon 
C-4, which explains the absence of an error bar for this point. 

between the experimental and theoretical data. Since 
the center of  the bilayer is not defined in the theo- 
retical calculation, it is necessary to adjust all the cal- 
culated distances by some constant amount. This was 
done by using the value for carbon C-4, which 
explains both its location on the diagonal and the 
absence of an error bar. With the exception of carbon 
atom C-15 the correlation is very good. It should be 
noted, however, that the neutron data yield a dis- 
tance between C-14 and C-15 already larger than that 
o f a  trans segment [7]. 

Neutron scattering data also yields information 
about the extent of motion of the deuterated carbons 
along the long axis of the molecule, i.e. parallel to 
the bilayer normal. The shape of the distribution 
function of the labeled segment can be fitted by a 
Gaussian function. The standard deviation of the 
Gaussian becomes a characteristic of the positional 
fluctuations along the chain of the labeled carbon 

atom. This information has been obtained for carbon 
atoms C-4, C-9 and C-12, but under experimental 
conditions which differ somewhat from those 
assumed in the model [7] in three ways. (I) The theo- 
retical computation does not include an overall fluc- 
tuation of the molecule along the bilayer normal. (II) 
The experimental positional fluctuations (neutron 
diffraction) were obtained on molecules having both 
chains deuterated and contain therefore a s tat ic  
distortion since one chain is shifted slightly with 
respect to the other. (III) for reasons of  accuracy the 
neutron diffraction experiments have been done on a 
sample with a low water content (10% (w/w)). This 
modifies the physical state of the bilayer, since the 
phase transition temperature is increased to Tc = 
328 K. Because of the effects noted in (I) and (1I) a 
larger standard deviations can be expected for the 
experimental distributions. The best way to take into 
consideration point (II) is to carry out the com- 
parison at the equal reduced temperature, [48] where 
0 = ( T  - T c ) / T c .  The result is shown in Table III and 
indicates a satisfactory comparison between the theo- 
retical and the diffraction results. 

Because the theoretical model has been so success- 
ful in its simulation of both the order profile and the 
neutron diffraction results, it has been used to carry 
out an extensive study of the positional fluctuation 
of each CH2 segment at T c. The results are shown in 
Fig. 10. Carbon atom C-I, which is part of the car- 
bonyl group, determines the origin of both scales. 
The length of an interval corresponds to the distance 
between two adjacent carbon atoms in the all-trans 

conformation. This scale has been purposely intro- 
duced to indicate that the distribution curves are 
actually the envelopes of histograms. The curve 
numbers correspond to the chain segment numbers. 
The ordinate gives the relative frequency, in percent, 
for a given segment to fall in a given interval or to be 
found at a given depth in the bilayer. 

Contrary to the order profile, which shows a 
region of constant order, the positional fluctuation 
grows steadily toward the end of the chain. This is by 
no mean a contradiction, since the increase in the 
positional fluctuation reflects mainly the fact that the 
motion of a given segment depends upon the motion 
of the preceding segments. This is best illustrated by 
the following simple example. Assume a chain of n 
successive segments (~-vectors in Fig. 1), which is 
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TABLE I11 

COMPARISON BETWEEN THE EXPERIMENTAL AND 
THEORETICAL STANDARD DEVIATIONS OF THE POSI- 
TIONAL DISTRIBUTION FUNCTIONS 

Carbon S.D. (A) T(K)  0 
atom 

Exp. a Theor. Exp. Theor. 

C- 4 1.1 + 0,4 0.72 
C- 9 1.81 _+ 0.4 1.82 
C-12 2.4 _+ 0.4 2.26 

343 328 0.045 

a Taken from Ref. 7. 

found only in the two following conformational 
states, all the segments either in a 0 ° orientation or in 
a 60 ° orientation. If lo is the length of a segment, the 
last one has a range or positional fluctuation of n • l0 " 
(1 - cos 60 °) whereas the first one of only lo " (1 - 
cos 60°). Both the first and last segments have never- 
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Fig. 10. Distribution curves of the positional fluctuations of  
each segment along the long axis of the acyl chains. The 
abscissa is expressed in either Angstroms or interval number 
and is described more fully in the text. The ordinate gives the 
relative frequency, in percent, for a given segment to be 
found in the indicated interval or to be found at a given 
depth in the bilayer. 

theless the same angular fluctuation. The standard 
deviations of the different distribution curves cannot 
therefore be used unequivocally to describe ordering 
along the chain. However, the degree of asymmetry 
of the distribution curves is a characteristic of order 
as it is directly related to the existence of the all-trans 
conformation. For example, the right end points of 
each of the curves give the probability of finding, at 
this segmental location, the chain is the aU-trans con- 
formation. In other words these end points defined a 
curve which shows how the probability of the all- 
trans conformation decays as one moves from the 
beginning toward the end of the chain. (The most 
rigid end point gives the probability of the all-trans 
conformation.) 

The natural logarithm of these probabilities is 
linearly related to the chain segment number for the 
first eight segments. It corresponds to a simple expo- 
nential decay of the probability. Beyond this point, 
the relationship is no longer linear. There is an 
increasing deviation from linearity. The motion of the 
first eight CH2 segments, unlike those in the rest of 
the chain, is therefore highly correlated. This fact is 
in agreement with the finding that they give a plateau 
in the order profile and that their rotational correla- 
tion times determined from the T~ relaxation time 
data also exhibits a plateau when plotted as a func- 
tion of the chain segment number [49]. Thus the 
theoretical model and all the experimental data give 
the same overall picture of order in the bilayer. 

Because the curves of Fig. 10 have been obtained 
with the numerical values of Table I, these positional 
flucturations are consistent with the order profile of 
Fig. 2A (top curve). It is still necessary to demon- 
strate that the distribution functions of Fig. 10 are 
consistent with a homogeneous density of CH2 seg- 
ments in the hydrophobic part of the bilayer. This is 
done by first including segment 16 in Fig. 10 and 
then summing the 15 distribution curves over the 
same number of intervals. The terminal CH 3 group is 
given a statistical weight of 2 because its volume is 
twice as great as that of a CH2 group [11]. Next the 
resulting segment density profile is combined with 
another profile according to the overlap of two 
monolayers in a bilayer obtained by extrapolating the 
neutron scattering data to the phase transition tempe- 
rature [7]. The resulted segment density profile 
throughout the width of the hydrophobic part of the 
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bilayer is shown in Fig. 11. A density of one corre- 
sponds to one CH2 segment in an interval. The 
broken lines describe the segment density prordes of 
a hypothetical monolayers. For comparison the mean 
locations of several carbon atoms as well as the mean 
maximal length of a chain as computed from the 
model are reported on the top of Fig. 11. Considering 
that the segmental density profile has a standard 
deviation of 9% and taking into account the use of 
approximations in the histogram procedure it may be 
considered as roughly constant. The theoretical 
model is therefore consistent with the constant den- 
sity requirement. 

(e) Three-dimensional spatial characteristics of  the 
acyl chains 

The question of how chain isomerization is related 
to the spatial distribution of acyl chains is now 
addressed. Detailed structural information is beyond 
the scope of these studies. However, it will be seen 
subsequently that the results do illustrate the useful- 
ness of a theoretical approach to complement experi- 
mental results. To understand the next section better 
it is necessary to outline how the computation of the 
spatial distribution is done. 

In essence, the calculations involved in Fig. 10 are 
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Fig. 1 I.  CH~ segment  densi ty  profile th roughout  the  width 
of  the bilayer. The boken  lines correspond to a monolayer  
and indicate the  extent  o f  overlap o f  the  two monolayers  
within a bilayer. For comparison,  the  top o f  the  figure con- 
tains the mean  location o f  several carbon a toms  as well as the  
maximal  length indicated at the  point  labelled Lma x. 

extended to three dimensions. But again the points 
represent a probability distribution function for each 
CH2 segment. By taking a section perpendicular to 
the membrane plane through the three-dimensional 
probability distribution function, the one dimen- 
sional distributions shown in Fig. 10 are obtained. 
The distribution functions of the CH2 segments are 
examined in planes perpendicular to the bilayer nor- 
mal and located in the middle of the intervals 
described in Fig. 10. Such a calculation must be 
shown by probability contours, i.e., two dimensional 
curves or maps. 

Representative results of these computations are 
depicted by the isoprobability maps shown in Fig. 12 
for CH2 segment 8 in the planes 8, 6, 4 and 2 and for 
CH~ segment 5 in the planes 5 and 3. The plane 
defined by the successive C-C bonds in the all-trans 
conformation corresponds to the plane of symmetry 
apparent in the maps. The symmetry arises from the 
equivalence of the configurations (g+, 60 °) and (g-, 
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Fig. 12. Probability contours  of  chain segment  locations. (A) 
This probabili ty map contains  the CH 2 segment  8 in the 
planes 8, 6, 4 and 2, while (B) contains segment  5 in the 
planes 5 and 3. Each contour  line corresponds to one of  the  
five following probabil i ty values: 10 -s  , 10 -3 , 10 -2 and 3" 
10 -1. If a contour  is missing it means  that  it does no t  have a 
finite value. The coordinate system of  each map is explained 

in Fig. 1C. 
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60 °) occurring after a segment in the (t, 0 °) configu- 
ration. This symmetry is verified experimentally by 
ZH-NMR by the fact that the two deuterons of a 
methylene group yield the same quadrupole splitting 
[3]. The contours are not cylindircaUy symmetric, 
since they are recorded in a frame of reference rotat- 
ing with the phospholipid molecule. Whereas seg- 
ments 5 and 8 show a difference in their positional 
fluctuations (see Fig. 10), their lateral fluctuations 
visible in the contour maps, seem to be relatively 
similar. In Fig. 13 the isoprobability values of seg- 
ment 15 in the planes 15, 13, 11,9,  7, 5 and 3 are 
plotted. It can be noted that with respect to segment 
5 and 8 the positional fluctuation has increased faster 
than the lateral one. 

In order to study the overall motion of a chain 
accompagnying isomerization, the probability distri- 
bution functions of the individual segments are sum- 
med. The result is a density distribution function for 
the chain as a whole. The cross-sections of this func- 
tion on the planes 2 to 15 are shown in Fig. 14. To 
save space, the forementioned symmetrical portions 
are omitted. The overlap of two such figures (not 
shown here), in analogy to Fig. 11, exhibits similar 
density distribution over the whole width of the hy- 
driphobic part of the bilayer indicating a homogenous 
volume occupancy of the chain. 

The elongated shapes displayed by the probability 
distribution contours in the different planes pose a 
problem about the accomodation of two chains 
within the frame of a molecule. According to X-ray 
data the two chain long axis cannot be separated by 
more than approx. 5 A [50]. Therefore the internal 
motion of one acyl chain is going to influence that of 
the other chain, the amount depending upon their 
relative orientation. A maximum of cooperativity 

15 7 5 3 

, , i i i L i i L I I , , i , , ~ I , , , 

Fig. 13. Probability contours of chain segment 15 in the 
planes 15, 13, 11, 9, 7, 5 and 3. See also Fig. 12 for the 
definition of the coordinate system and contouring scheme. 

1 0 1 2 1 0 1 2 0 1 2 1 0 1 2 

Fig. 14 Density contours of the whole acy! chain in the half 
planes 15 to 2. This figure differs from Figs. 12 and 13 in 
that here the probability and location of any CH 2 segment 
are recorded. Several segments may be found at the same 
depth in the bilayer. 

between both chains is expected when the planes 
defined by the C-C bonds in the all-trans conforma- 
tion are perpendicular to the plane defined by the 
long axis of the two acyl chains whereas a parallel 
orientation implies a minimum of cooperativity. 2H- 
NMR measurements of DPPC-chloresterol-water sys- 
tems have shown the possibility of producing order in 
chain 2 while chain 1 still retains some internal 
motion [51 ]. Bond on these results it seems that both 
acyl chains behave more or less independently, 
favouring a picture of relatively low cooperativity. 
With such arrangement the phospholipid molecule 
looks on the average more of less like a cylinder, 
which may amplify the overall rotation of the mole- 
cule. Moreover such an overall shape is more in line 
with the measured area per molecule [48,52]. Finally 



such a low cooperativity justifies a posteriori the 
approximation in the model of considering indepen- 
dent chains within a molecule. 

Conclusions 

The numerical values obtaind from fitting NMR 
data to the theoretical model gives good agreement 
with very different kinds of experimental data such as 
neutron diffraction, etc. It is suggested that the theo- 
retical model can be used as a reliable tool to provide 
information about experimentally inaccessible ques- 
tions. Moreover, the high accuracy exhibited by the 
theory provided an opportunity to understand in 
detail the shape of the experimental profile. In partic- 
ular it was possible to associate the length of the 
plateau of the order profde with the amount of chain 
isomerization. This finding opens new possibilities 
regarding the use of the order profile to detect physi- 
cal changes in the bilayer. Indeed, it is suggested here 
that the length of the plateau region should be given 
more attention in the interpretation of /H-NMR 
data. It could be used as a direct probe of the state 
of the acyl chains or as an indirect probe of possible 
interactions in the region of the head groups. This 
analysis of the experimental order profile is a typical 
result which can be reached only by considering 
explicitly all the conformations and is therefore 
beyond the scope of a simplified model not requiring 
undefined physical parameters [45]. The model can 
be used in a number of other ways as a numerical 
tool. For example, the low probabilities of defects 
like kink and jog could not only be confirmed but 
also explained by comparing them with the probabili- 
ties of other principal disordering conformers more in 
line with the dilatometry results. 

Although the model calls for several approxima- 
tions, the formalism realistically considers the true 
nature of the interactions between the lipid mole- 
cules. One of the goals of this study was therefore 
also to test the practicability of the model with 
respect to the physical concepts underlying the 
theory. This has been achieved in Fig. 2 and 3 where 
the Marcelja model [8] and the present model have 
been compared in their respective abilities to repro- 
duce the ZH-NMR data. 

Because the theory appears to give reliable results 
it has also been applied to the description of the 
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spatial characteristics of the acyl chains, an area still 
largely inaccessible to experimental techniques. 
Firstly it was shown that a knowledge of the SC2H 
order parameters does not allow one define how the 
chain CH2 segments are distributed in space because 
a single angular fluctuation might correspond to a 
number of possible spatial fluctuations. An indication 
of order along the chain is the probability of the all- 
trans conformation which decreases exponentially 
from the origin within the plateau region, but in a 
more complex manner beyond this region. The longi- 
tudinal fluctuations grow faster going toward the end 
of the chain than the lateral ones. Finally, the order 
profile reproduced on the basis of chain isomeriza- 
tion is consistent with space homogeneously filled, 
on average, by the CHa chain segments. In the model 
the specific interactions between head groups and 
between head group and water have been reduced to 
a lateral area energy term, 7rA. Despite this unspecific 
treatment, the role of the head groups in the organia- 
tion of the bilayer is emphasized by considering the 
effect of varying the lateral pressure rr on the order 
of the acyl chains. In other words, it has been impli- 
city demonstrated that the anisotropic nature of the 
interactions between the acyl chains is a direct conse- 
quence of the interactions in the polar head group 
region. 

Although the theoretical model has been able to 
reach the goals for which it has been devised, this 
achievement cannot be used to justify a posteriori 
the approximations involved in the theory. The use- 
fulness and meaning of the theoretical model lies 
mostly in its ability to describe accurately the state of 
a bilayer. The exact physical basis for explaining all 
of the properties of a lipid bilayer are left to more 
rigorous models [45]. It would appear from the 
results presented here that the semi-empirical and 
rigorous approaches are complementary. 
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