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Deuterium Order Parameters in Relation to Thermodynamic
Properties of a Phospholipid Bilayer. A Statistical

Mechanical Interpretation?

Hansgeorg Schindler and Joachim Seelig*

ABSTRACT: The physical properties of bilayers of dipalmi-
toyl-3-sn-phosphatidylcholine are analyzed in terms of a
statistical model proposed by Marlelja (S. Marcelja
(1974), Biochim. Biophys. Acta 367, 165). The model is
used to calculate the segmental order parameters of the hy-
drocarbon chains, the transition temperature of the crystal-
line — liquid crystalline phase transition, the entropy
change of the transition, the bilayer thickness, and the lin-

Two recent developments in the understanding of lipid bi-
layers have initiated this work. Firstly, Marcelja has pre-
sented a theory for the chain ordering in lipid bilayers,
which takes into account all physical forces contributing to
the bilayer stability. The theory is based on a mean molecu-
lar field model, an approach which has proved extremely
successful for the understanding of nematic and smectic lig-
uid crystals (Marcelja, 1974a,b). Secondly, it has been pos-
sible to determine by means of deuterium magnetic reso-
nance (*H NMR) the chain ordering in lipid bilayers with
high precision and without perturbing the bilayer structure
(Charvolin et al., 1973; Seelig and Niederberger, 1974a,b;
Seelig and Seelig, 1974a,b; Stockton et al., 1974). Marcelja
has applied his model to the deuterium results from a soap-
like bilayer (Margelja, 1974b). The purpose of this work is
to discuss the Mar€elja model for bilayers of dipalmitoyl-
3-sn-phosphatidylcholine. This bilayer shows a closer struc-
tural relationship to biological systems than soap-like bi-
layers and has the advantage that the thermodynamic prop-
erties and overall dimensions are well-known by differential
scanning calorimetry and X-ray diffraction experiments.
Our approach will be to fit the experimental deuterium
magnetic resonance data by choosing appropriate parame-
ters for the Maré&elja model. Using the same set of parame-
ters it is then possible to calculate the transition tempera-
ture for the gel — liquid-crystalline phase transition, the
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ear thermal expansion coefficient. The theoretical predic-
tions are in excellent agreement with experimental results
obtained by deuterium magnetic resonance, differential
scanning calorimetry, and X-ray diffraction. The model
yields the probabilities of trans and gauche conformations
and also those of more specific conformational defects like
kinks or jogs.

transition entropy of the melting process, and the bilayer
thickness, and to compare these data with the correspond-
ing experimental results. The theory will also provide infor-
mation about so far unknown quantities like the probabili-
ties of trans, gauche, kink, and jog conformations.

Theory

According to Mardelja the energy of a hydrocarbon
chain with the configuration (/) in a bilayer is given by

EYW — Elnt(“ + Edlsp(” + VA(” (1)

The first term, Ejn,(), represents the intramolecular energy
of the chain configuration (i) and is evaluated using the
well-known rotational isomeric model (Birshtein and Ptit-
syn, 1966; Flory, 1969). Each carbon-carbon bond can take
up either a trans (t) or a gauche conformation (g*, g~), in
which the latter is higher in energy by Eg = 500 cal/mol
(cf. Flory, 1969). The rotations about the various bonds are
not independent and sequences like g*g~ and g=g* are for-
bidden for steric reasons even in the free chain,

The second energy contribution, Edisp(’), arises from in-
termolecular van der Waals attractions between neigh-
boring hydrocarbon chains. For rigid molecules in nematic

1 It might be argued that due to the covalent bonding of two fatty
acyl chains to the same polar group the motional freedom is greatly in-
hibited, at least near the polar region. The deuterium NMR measure-
ments clearly demonstrate that such an effect—if it exists—is restrict-
ed to the C-2 atoms but is no longer observable from C-3 onward. Fur-
thermore it must be seriously questioned if the polar region is rigid at
all. In any case this problem will only affect the initial orientations of
the chains but will not alter the essential conclusions of this work.

2283



- W

cbcalculated

v

dparameter

FIGURE 1: Three solutions to the self-consistent field equation (sche-
matic). (1) High temperature = liquid crystalline phase. (3) Low tem-
perature = crystalline phase. (2) Intermediate temperature = phase
transition.

liquid crystals this dispersion energy has been found to be
(Maier and Saupe, 1958)

Ege = —0(1/2)(3 cos’ g — 1) (2)

where 3 is the angle between the long molecular axis and
the director axis of the nematic domain. ¢ is the molecular
field, which may be visualized as a measure of the strength
of interaction between the rod-like molecules. Marcelja has
extended eq 2 to include also flexible hydrocarbon chains:

Eyg'? = —0(n,"/n) 2(1/2)(3 cos® g, ~ 1) (3)

Here 3 denotes the angle between the bilayer normal and
the direction of the jth chain segment, which is defined as
the normal on the plane spanned by the two C-H bond vec-
tors. The summation is performed over all segments (j = 1,
.., n). (n9/n) is the fraction of carbon-carbon bonds in
the trans conformation.

The molecular field, ¢, in turn depends on the average
order in the lipid bilayer

n

¢ = (V,/n) ((ntr(”/n)z (1/2)(3 cos? 8, — 1)) (9

j=1

where the angular brackets indicate the average over all
chain configurations (i). Vo is the so-called coupling con-
stant, which enters as a free parameter in the theory. An
upper limit for ¥y is 680 cal/mol, which is the melting en-
ergy per CH; unit of crystalline polyethylene (Schrader and
Zachmann, 1970). In our calculations the best fit of the ex-
perimental data was obtained with Vo = 590 cal/mol.

It should be pointed out that in the present model the mo-
lecular field is assumed to be constant throughout the bi-
layer. This does not affect the calculation of average bilayer
properties like the bilayer thickness or transition entropy,
but introduces some error in the calculation of the confor-
mational probabilities at a given segment position j. A more
refined model should therefore consist of a system of » cou-
pled equations (3) with » different molecular fields ¢». This
problem is not yet solvable within reasonable limits of com-
puter time.

The third energy term, yAY), takes into account various
bilayer forces like steric repulsions, electrostatic interac-
tions, and hydrophobic effects. A1) is the effective cross-
sectional area of a given chain configuration (i) and is ap-
proximated according to

AU = Aolo/l(i) (5)
Here /o is the length of the hydrocarbon chain in the ex-
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FIGURE 2: Comparison between calculated and experimental order

parameters at 41°. (@) Experimental results; data taken from Seelig
and Seelig (1974b).
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tended all-trans configuration with a cross-sectional area
Ao = 20.4 A? (Tardieu et al., 1973). I is the effective
length of the configuration (i), that is the projected length
on the bilayer normal. The factor v in the thermodynamic
energy term vA() may be called lateral pressure or surface
energy. It arises from hydrophobic forces which are bal-
anced by steric and electrostatic repulsions between the hy-
drocarbon chains. A simple and by no means rigorous
model of Parsegian predicts v to be 18-20 dynes/cm for
various soap-like bilayers (Parsegian, 1966, 1968). It is
therefore reassuring that independent of these calculations
the best fit of the experimental data for bilayers of dipalmi-
toyl-3-sn-phosphatidylcholine using the Marcelja model is
obtained for ¥ = 18.5 dynes/cm. The rather precise agree-
ment may be fortuitous, but it gives at least confidence in
the order of magnitude of the surface energy.
The statistical weight w(?) of the configuration (i) is

w'? = exp(-E‘“/RT) (6)

The partition function Z is the summation over all configu-
rations (7)

Z = Zexp(—E”)/RT‘) i)

With these definitions the molecular field is calculated ac-
cording to eq 4

¢ = (Vo/n)z_ [(ntr‘“/n) exp(—E'V'/RT) x

> (1/2)(3 cos? 8, ~ 1) /Z] (8)
=1

Since EW in itself is a function of ¢ the self-consistence con-
dition is to find such values of ¢ which when inserted in the
right side of eq 4 yield the same value of ¢ on the left side.
This is illustrated schematically in Figure 1 for three differ-
ent temperatures. The abscissa denotes the ¢ values which
have been inserted as parameter into eq 8, while the ordi-
nate denotes the result of the calculation. Solutions to eq 8
are only those molecular fields where ¢eatculated = @parameters
that is, all points which fall on the straight line in Figure 2.

2 In these calculations the effective length of the terminal methyl
group is assumed to be 2.2 A. Previously only the effective length of a
carbon-carbon bond (1.25 A) was taken into account (Seelig and Seel-
ig, 1974b) and this explains the small difference compared with the
present result.
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Table I: Initial Chain Orientations.

Relative

Confor- Energies

Notation o (deg) 8 (deg) mation (cal/mol)
I 35.3 0 tt/t 0
11 35.3 60 tt/g =75
111 90 60 tg/t +410

At high temperatures (curve 1) or low temperatures (curve
3) only one solution to eq 8 is obtained. These correspond to
the liquid-crystalline and the crystalline state of the bi-
layer, respectively. For intermediate temperatures (curve 2)
several solutions to eq 8 are obtained and the theory pre-
dicts a first-order phase transition.

Knowing the statistical weights w') and the probabilities
p® = wl)/Z of the various chain configurations (i) the av-
erage chain conformation and other molecular averages can
be calculated in the usual manner.

Results and Discussion

Deuterium Order Parameters. Figure 2 shows a compari-
son between calculated and measured deuterium order pa-
rameters for bilayers of dipalmitoyl-3-sn-phosphatidylcho-
line at 41°, The numerical calculations are based on the fol-
lowing set of parameters: bond rotation potential E; = 500
(400) cal/mol; coupling constant Vp = 590 (680) cal/mol;
surface energy v = 18.5 (25) dynes/cm. Perfect tetrahedral
symmetry of the carbon atom bond angles was assumed in
all computations. In brackets we have included the corre-
sponding parameters for the soap-like bilayer (based on a
bond angle of 112.5°; Marcelja, 1974a,b).

The calculated order parameters of the first two or three
segments are rather sensitive to the initial chain orientation
(1). Since no experimental data are available we have per-
formed computer calculations to determine the chain ener-
gy as a function of the first segment orientation. In Table I
we have listed those orientations which were found to corre-
spond to minima in the average chain energy. The initial
orientations are specified by two angles: « is the angle be-
tween the bilayer normal and the CO-CH, bond vector,
while 8 denotes the segment direction, i.e., 8 is the angle be-
tween the bilayer normal and the normal on the plane
spanned by the two C-H bond vectors. The three initial ori-
entations in Table I are energetically favored because they
fit exactly into the rotational isomeric scheme and allow
consecutive segments to be oriented parallel to the bilayer
normal. The connection with the rotational isomeric model
is easily established by adding two hypothetical CH; groups
to the beginning of the chain. If the first of these segments
is oriented parallel to the bilayer normal the initial orienta-
tions correspond to the sequences given in the penultimate
column of Table I.

The experimental data in Figure 2 can only be fitted by
assuming a fast equilibrium between all three initial orien-
tations. Using a least-squares treatment the energies of ori-
entations IT and III relative to I as the zero reference state
are found to be —75 and +410 cal/mol, respectively. The
predominant contributions to explain Figure 2 are therefore
due to states I and II, which are connected by a rotation of
120° around the CO-CHj; bond vector.

Experimentally it has been found that the two fatty acyl
chains in bilayers of dipalmitoyl-3-sn-phosphatidylcholine
are not physically equivalent (Seelig and Seelig, 1974b).
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The most dramatic differences were found for the C-2 posi-
tion of the deuterated fatty acyl chains, which gave rise to
three different 2H NMR signals (Seelig and Seelig, 1974a).
An assignment of these resonances has become possible by
synthesizing dipalmitoyl-3-sn-phosphatidylcholine selec-
tively deuterated in only one of the two palmitic acyl chains.
(A. Seelig, unpublished results). On the basis of these ex-
periments, the C-2 order parameter in Figure 2 refers to the
fatty acyl chain attached at position 1 of the glycerol moi-
ety.

Attachment at position 2 produces two signals with dis-
tinctly smaller quadrupole splittings. In our model this ef-
fect can easily be accounted for by increasing the probabili-
ty of orientation III. The existence of such an orientation is
also supported by a recent X-ray study on single crystals of
phospholipid bilayers (Hitchcock et al., 1974). The X-ray
analysis shows that the initial orientation of the second
chain is essentially parallel to the plane of the bilayer, that
is similar to conformation III in Table I.

The theory predicts that the influence of initial orienta-
tions should level off around the third carbon atom. This is
also in agreement with the experiment since only one deute-
rium magnetic resonance signal is observed for bilayers of
dipalmitoyl-3-sn-phosphatidylcholine deuterated at carbon
atoms 4 or 5 of the palmitic acyl chains (Seelig and Seelig,
1974b).

Thermodynamic Properties and Bilayer Dimensions. In-
serting the parameters ¥y = 590 cal/mol and y = 18.5
dynes/cm into eq 8 yields two solutions to the self-consis-
tent field equation namely ¢)c = 165 cal/mol and ¢, = 472
cal/mol (at 41°). ¢yc is the molecular field of the liquid
crystalline state of the hydrocarbon chains and has been
used to calculate the deuterium order parameters of Figure
2. ¢ corresponds to the molecular field in the crystalline
state. The order parameters calculated from ¢. are close to
an almost perfect ordering of the fatty acyl chains. Repeat-
ing these calculations for different temperatures leads to
the prediction of a phase transition at 39.5°. This result de-
viates only by 1.5° from the calorimetric value of 41° (Phil-
lips et al., 1969) and the high precision achieved in calculat-
ing the transition temperature as well as the deuterium
order parameters is probably the strongest support for the
Marcelja model. Using the same parameters the melting
entropy is found to be 1.15 eu per CH, group which com-
pares favorably with the experimental value of 1.25 eu
(Phillips et al., 1969).

The average length of a palmitic acyl chain is predicted
by the Mar&elja model to be 13.7 A at 41° while the same
chain in the rigid all-trans configuration measures 19.7 A.2
Thus a bilayer of dipalmitoyl-3-sn-phosphatidylcholine in
the liquid-crystalline state is expected to be approximately
12 A shorter than the same bilayer with completely extend-
ed chains. This result is in agreement with X-ray diffraction
experiments which indicate a shortening of the chains by
11-12 A (Cain et al., 1972; Chapman et al., 1967; cf. also
Seelig and Seelig, 1974b).

The cross-sectional area per chain is calculated according
toeq 54 =20.4 X 19.7/13.7 = 29.3 A2, yielding a surface
area per lipid molecule of 58.6 A2, For egg-yolk lecithin the
area per polar group has been determined by X-ray diffrac-
tion to be 59-63 A? (Levine and Wilkins, 1971). Finally,
the linear thermal expansion coefficient of the hydrocarbon
region is predicted by the theory to be —3.0 X 10~3 °K~!,
which is identical with the experimental result for a bilayer
composed of natural lipids (Luzzati and Husson, 1962).
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FIGURE 3: Probabilities of segment orientations as a function of the
segment position in the bilayer.

Configurational Probabilities. Using the same set of pa-
rameters as defined above the probability for a carbon-car-
bon bond to occur in the trans conformation is found to be
p: = 0.69. Therefore, on the average, 9.7 bonds of a palmi-
tic acyl chain are in the trans state while 4.3 are in the
gauche state. This is in agreement with previous estimates
(Nagle, 1973; Seelig and Seelig, 1974b; Maréelja, 1974b).

Assuming the first segment of the hydrocarbon chain to
be parallel to the bilayer normal, it is easily seen by simple
coordinate transformations that only a few segment orienta-
tions are possible on the basis of the rotational isomeric
model: the segments are inclined to the bilayer normal at
angles of either 0, 60, or 90°. Since the conformational
state in each of these orientations may be either trans or
gauche, this leads to altogether six different types of seg-
ments. We have calculated the probability for each type of
segment and have plotted the results in Figure 3 as a func-
tion of the segment position in the bilayer. Figure 3 reveals
two interesting features about the structure of the bilayer.
Firstly, the predominant structural elements are trans seg-
ments oriented parallel to the bilayer normal (p; o), while
segments oriented perpendicular to this direction (pigpe;
Pgooe) are rather improbable. This indicates that the paral-
lel alignment of the hydrocarbon chains is the energetically
most favorable situation. Secondly, the probability of the
various conformations remains almost constant throughout
the bilayer up to carbon atoms 10-12. The loss of order in
the central part of the bilayer is essentially due to a de-
crease in the number of trans-elements aligned parallel to
the bilayer normal.

It is equally simple to calculate the probabilities of kinks
(g*tg™ or g7tg™ sequences) or jogs (2g2 jog = g*tttg”).
These sequences are of importance since they pack very well
into the bilayer and leave the chains essentially parallel to
each other (Pechhold, 1968; Triuble, 1971). Previously we
have concluded that the observed deuterium order parame-
ters can be accounted for by incorporating two kinks or one
2g2 jog into the hydrocarbon chain but that a dynamic
equilibrium between the two conformations seems more re-
alistic (Seelig and Seelig, 1974b). This interpretation must
be modified in view of the present calculations. The numeri-
cal computations yield approximately 0.6 kink and 0.2
(2g2) jog per palmitic acyl chain. At the same time they
also predict small but nevertheless finite contributions from
a large number of other conformational defects. Thus even
2286
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in the region of constant order parameters it is not suffi-
cient to postulate kinks and 2g2 jogs, but other configura-
tions must also be included. On the other hand, the statisti-
cal model shows quite clearly that the kink and the 2g2 jog
are the most important single contributions to the chain
flexibility. These two defects together account for almost
50% of the observed disorder in the hydrocarbon chains.
The calculations also indicate that the probability of a kink
is smaller in the interior of the bilayer than close to the
polar region.

Concluding Remarks. Previous interpretations of the
chain flexibility in lipid bilayers have been based on models
typical for free polymer chains (Hubbell and McConnell,
1971; Seelig, 1971; Marsh, 1974). Such an approach
though providing some insight into the bilayer structure re-
mains unsatisfying since the chain-chain interactions are
taken into account only indirectly. Furthermore the previ-
ous models have relied, in part, on spin-label measurements
which indicate a continuous decrease of the chain ordering.
This is at variance with the deuterium results of the same
systems which reveal a constant order parameter in most
parts of the bilayer. The discrepancy must be attributed to a
perturbation of the bilayer by the spin-label group.

On the other hand, the Mar¢elja model explains remark-
ably well most of the experimental information which is at
present available for liquid-crystalline bilayers of dipalmi-
toyl-3-sn-phosphatidylcholine. Nevertheless the model is
far from being perfect for a number of reasons: (1) the as-
sumption of a constant molecular field throughout the bi-
layer is an oversimplification; (2) the scaling factor (ny/n)
has no rigorous theoretical basis; (3) the model fails to give
a proper account of the crystalline state of the bilayer; (4)
the small volume change of 1-3% which is associated with
the crystalline — liquid crystalline phase transition has
been neglected; (5) a better molecular understanding of the
coupling constant ¥y and the surface energy v would also
be desirable.

In conclusion it should therefore be emphasized that the
Marcelja model does not disprove other theoretical ap-
proaches (Nagle, 1973; Belle and Bothorel, 1974; Scott,
1974; Adam, 1973), but it is at present the most detailed
model to be used successfully for the interpretation of ex-
perimental data.

Appendix

Deuterium Order Parameter Scp and Segmental Order
Parameter Sl Let us denote with « the angle between the
deuterium bond vector and the bilayer normal and with 3
the angle between the segment direction and this axis. On
the basis of the above model we need to consider only three
types of segment orientations, namely 8 = 0, 60, and 90°.
The corresponding orientations of the deuterium bond vec-
tors are a = 90, 35.3 and 90, and 35.3°, respectively. Thus
for segments with 3 = 60° the two deuterium bonds are not
equivalent. Using the abbreviations Sy = (}4)(3 cos? ¢ — 1)
the order parameters S0 and Sc¢p are found to be

Smol = (1/2)(3 <0052 B> - 1) = pOSO + /)ﬁ:(lsm +
PeoSag (9)

Sep = (1/2)(3 (cos® @) — 1) = paSay +
(1/2)[);0(535,3 + Sg) + PspSsa,g  (10)

Here p; is the probability for a segment being oriented at
the angle {. Taking into account
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by * bey t Py =1 (11)
the following relation between Smo and Scp is obtained:
Smor = ~(1/8)(18Scp — 6pgy + 1) (12)

Previously we have used the simpler relation (Seelig and
Niederberger, 1974a)

Smar = —25¢p (13)

which is strictly valid if the segment motion is axially sym-
metric and characterized by one order parameter. We have
therefore compared eq 21 with the more accurate approach
(eq 20) calculating pgg by means of the Marcelja model. It
is found that close to the lipid-water interface the results
obtained with eq 21 are about 10% too large, while in the
bilayer interior both methods yield the same results. When-
ever possible it is therefore advantageous to base numerical
calculations on the deuterium order parameter. Following
the same arguments as described previously (Seelig and
Seelig, 1974b) the effective length (L) of a hydrocarbon
chain with n segments can thus be calculated according to

(Ly = 1253 (cos B9 = 1253 (p,4) +
i=1 i=1

0.5p4,")) = 1.25[(71/2) - Z: Scnm] (14)

Here Scp' is the experimental deuterium order parameter
of the ith segment.
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