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Mikael Jamson,+ Robin L. Thurmond,* Juditb A. Barry,$ and Michael F. Brown* 

Department of Chemistry, University of Arizona, Tucson, Arizona 85721 (Received: June 2, 1992; 
In Final Form: August 17, 1992) 

Theoretical models of phospholipid systems have indicated that both intramolecular and intermolecular forces are important 
in governing their acyl chain order. Knowledge of the nature and magnitude of these interactions is central to understanding 
the balance of forces present in lipid lamellar phases, which in turn is related to their microscopic and macroscopic behavior. 
It is possible to explore the contribution of intermolecular interactions using lipid systems with the same headgroup and acyl 
chain identity by variation of the ratio of the headgroups to acyl chains. In this paper, deuterium (2H) NMR spectroscopy 
has been used to gain information on the orientational order of an acyl chain perdeuterated lipid, l-perdeuterio- 
palmitoyl-sn-Bly~3-phosphocholine (PaLpc-d31), in various molecular environments. The orientational order of PaLpGd31 
was studied in four different lamellar phases, including pure PaLPC-d31 (containing 10 wt % H20), diplmitoyl- 
phosphatidyl~holine/PaLPC-d3~ (3:1), palmitic a~id/PaLPC-d~~ (l:l), and ch~lesterol/PaLPC-d~~ (1:l) (each containing 
50 wt % HzO). 'H NMR spectra were obtained for the low-temperature and liquid-crystalline (L,) states of each of these 
mixtures. In the low-temperature state, the f i t  three systems yielded ZH NMR spectra characteristic of all-trans chains 
undergoing axial diffusion, with the methyl groups rotating about their C3 axes. The molecular order, as judged by the presenoe 
of spectral discontinuities and moment analysis, was found to be almost identical in the low-tempratwe phases. A different 
behavior was observed for the ch~lesterol/PaLPC-d~~ (1:l) sample in that the maximum splitting was close to the all-trans 
rotating value, with a profile of quadrupolar splittings due to inmased disorder near the chain ends. The f i t  three systems 
underwent orderdisorder phase transitions near the same midpoint temperature (range of T, values 40-48 "C), whereas 
the ch~lesterol/PaLPC-d~~ (1:l) sample did not display a transition over the temperature range studied. In the L, phase, 
where order profdm were determined as a function of acyl chain segmglt position, the segmental ordering d i f f e r e d  significantly 
among the samples. The differences were interpreted using a simple diamond lattice model for the acyl chain configurational 
statistics, as a means of comparing the effective lengths, (L), projected along the bilayer normal and estimated chain 
cross-sectional areas, (A), of PaLPC-d31 in the various mixtures. The derived values of (L) and (A) can be understood 
qualitatively in terms of average packing parameters related to the balance of forces in the headgroup and acyl chain regions, 
or alternatively the curvature free energy of the membrane lipid-water interface. In lamellar phases of pure P ~ L P C - C ~ ~ ~  
the curvature stnap is potentially large, and interdigitation of the acyl chains of the appoaed monolayers may occur. However, 
in mixtures of PaLPC-d31 with 1 , 2 - d i p a l m i t o y l - s n - B l y ~ ~ 3 - p h o s p ~ ~ ~ e  (DPPC), the curvature elaatic stress is apparently 
relieved by an increase in the cross-sectional acyl chain area, (A), Le. corresponding to an increase in configurational f d o m .  
The data were also compared to the results of statistical theories to yield additional knowledge of the intermolecular forces. 
These studies indicate how the segmental ordering reflects intermolecular interactions within a given lamellar phase. Avmge 
properties of the entire system such as average cross-sectional arm accessible to each acyl chain relative to the headgroup 
area can be modulated by these interactions. Such intermolecular interactions may be related to the prcaence of lipid diversity 
in biological membranes. 

I. Introduction 
The role of intermolecular forces in governing the physical 

properties of lipid lamellar phases has received considerable 
theoretical interest,'-' ' but relatively less experimental attention. 
Theoretical models indicate that intermolecular interactions play 
an important role in determining both microscopic (acyl chain 
ordering) and macroscopic (phase transition) properties of lipid 
aggregates. Since the intramolecular forces are govemed mainly 
by the chemical composition of the molecules, it is possible to 
investigate the intermolecular interactions involving the acyl chains 
by studying the same lipid in different molecular environments. 
Deuterium (2H) NMR12 spectroscopy has evolved as a powerful 
method of investigating the average conformations and dynamics 
of lipids in membrane systems. 13,14 Several investigations have 
focused on the effects of different molecules including proteins, 
steroids, anesthetics, and fatty acids on the orientational order 
of lipids in model membrane systems, as monitored by *H NMR 
s p e c t m c ~ p y . ' ~ ~  perturbations of the segmental ordering i n d u d  
by these molecules have been found in general to be rather subtle, 
with the exception of the dramatic increase in alkyl chain ordering 
caused by ~holesterol.'~ However, the preaence of different polar 
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head group does seem to have an effect on the segmental ordering 
in which indicam that the size of the polar head group 
relative to the acyl chains may be an important factor. Conse- 
quently] existing knowledge suggests that the molecular order of 
lipids in lamellar phases, at least in some cases, directly reflects 
intermolecular influences involving the polar head groups and acyl 
chains. 

It can be inferred from the above experimental investigations 
that the molecular packing of lipids in lamellar phases may be 
related to average properties of the entire system. Such a balance 
of forces within a lipid bilayer can be viewed as arising from several 
contributions acting at the level of both the polar head groups 
and the hydrocarbon chains. One means of investigating the role 
of such intermolecular interactions is to study lamellar phases of 
lipid systems in which the ratio of the polar head groups and the 
acyl chains is varied in a systematic manner. Previous work has 
compared the phase behavior and orientational order of l-pal- 
mitoyl-sn-gly~3-phosphocholine (PaLPC) in DPPC bilayers 
(1:3) to pure DPPC bilayers.2s It was found that the 2H NMR 
spectra were essentially identical when either the PaLPC or the 
DPPC acyl chains were deuterated. In the L, phase the presence 
of PaLPC enabled the bilayers to orient in the magnetic field and 
led to a reduction of the segmental ordering relative to pure DPPC 
dispersions. Furthermore, the observed decrease in the chemical 
shift anisotropy of the 31P NMR spectra indicated that the head 
group orientation of DPPC/PaLPC (3:l) differed from that of 
DPPC bilayers. In the low-temperature phase the DPPC/PaLPC 
(3:l) mixture showed a higher degree of ordering than that of 
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pure DPPC dispersions as judged by the moments of the 2H NMR 
spectra and appeared to coexist with PaLPC micelles. 

In the pregent experimental investigation the e m p W  is to vary 
the ratio of phosphocholine head groups to palmitoyl chains as 
a means of studying the influence of intermolecular interactions 
on the average properties of PaLPC in which the acyl chain is 
perdeuterated (PaLPC-d31). 2H NMR spectra of PaLPC-d31 are 

(10 wt 8 H20), dipalmitoylphosphatidylcholine (DPPC)/ 
P ~ L P C - C ~ ~ ~  (3:1), palmitic a~id/PaLPC-d~~ (l:l), and chole- 
ster~l/PaLpC-d~~ (1:l) (each containing 50 wt 96 H20). All four 
systems form a lamellar phase at the chosen c o m @ t i 0 n s . ~ ~ ~ 9 ~  
The former three systems show a main order-disorder phase 
transition at approximately the same temperature (40-48 "C), 
which enables comparison of the 2H NMR spectra at a specific 
absolute temperature instead of using r e d u d  temperat~res.2~ In 
the low-temperature state we found that these three systems, 
namely pure PaLPC-d31(10 wt 96 H20), DPPC/PaLPGd3, (31), 
and palmitic a~ id /PaLPC-d~~  (1:l), behave similarly with ap- 
proximately the same amount of orientational order of the acyl 
chain segments. By contrast, in the La phase, the segmental order 
depends on the molecular environment of the P ~ L P C - C ~ ~ ~ .  This 
indicates that the segmental ordering may reflect a subtle balance 
of intermolecular interactions related to the ratio between the 
cross-sectional areas of the head groups and of the acyl chains. 
The results are discussed in terms of thermodynamic properties 
of lipids in the lamellar phase as reflected in the average lipid shape 

or alternatively the interfacial curvature free en- 
ergy.m In addition comparison is made to the results of statistical 
theories which describe the orientational ordering within the la- 
mellar phase. 

II. ExperimeatPlSection 
A. Syataesis of Lysopbosphatidylcboline and Preparation of 

Samples. Preparation and characterization of the DPPC/ 
PaLPC-d31 (3:l) sample has been reported elsewhere.25 The 
PaLPC-d31 was prepared by fmt synthesizing DPPC-dS2 following 
a modification of the procedure of Mason et aL31 as described.32 
P ~ L P C - C ~ ~ ~  was prepared by deacylating the sn-2 chain of 
DPPC-dS2 with phospholipase A2 from Croralus adamanteus 
(Sigma, MO). Palmitic acid and cholesterol were obtained from 
S i  (Sigma grade). Four different samples were prepared: (i) 
PaLPC-d31 in 10 wt 4% H20, (ii) DPPC/PaLPC-d31 (3:l) in 50 
wt 8 H20, (iii) palmitic a~id/PaLPC-d~~ (1:l) in 50 wt 4% H20, 
and (iv) cholester~l/PaLPC-d~~ (1:l) in 50 wt % H2O. The 
PaLPC-djl (90 wt 8) sample was prepared by mixing 180 mg 
of the lipid with 20 mg of 2H-depleted 'H20 in a 8-mm culture 
tube, which then was sealed with high-temperature wax. Mixing 
of the sample was accomplished by repeated centrifugation back 
and forth in the tube. The mixed DPPC/PaLPC-d31 (3:l) sample 
was prepared by dissolving a 3:l molar ratio of DPPC and 
PaLPC-d31 in 3:1 (v/v) chloroform/methanol. Preparation of the 
mixed palmitic a~id/PaLPC-d~~ (1:l) and chole~terol/PaLPC-d~~ 
(1:l) samples was carried out in a similar fashion except with 
equimolar amounts of the compounds. The solvent was removed 
under high vacuum and the samples were lyophilized from 20:l 
(v/v) cyclohexane:chloroform, followed by addition of 200-250 
mg of ?Hdepleted water (50 wt 96). High-temperature wax was 
used to seal the tubes and the samples were mixed by centrifu- 
gation. 

B. Nuclear Magnetic Rewmnce Spectroscopy. In order to 
determine the phase behavior of the samples, 31P NMR spectra 
were obtained using a General Electric GN-500 spectrometer 
operating at a magnetic field strength of 11.7 T (31P frequency 
of 202 MHz). Characteristic lamellar 31P NMR powder spectra 
were obtained for all samples (not shown; cf. ref 25). The 2H 
NMR spectra were collected with a General Electric GN-300 
spectrometer operating at a magnetic field strength of 7.06 T (2H 
frequency of 46.1 MHz). The spectrometer was equipped with 
a homebuilt, high-power horizontal solenoid probe, an external 
digitizer (Nicolet u)90 digital d o s a p ) ,  and a high-power radio 
frequency amplifier (Henry Radio Tempo 2006). A phasc-cycled 

compared in four different lamellar pure %LE431 
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quadrupolar echo pulse s ~ q u e n c e ) ~ * ~  was used to collect the data, 
with a 6 ps 90" pulse, 40 I pulse separation, recycle time of 0.5 
s, and a digitization dwell time of 2 M. The spectra w e n  Fourier 

the transform from the top of the echo. Any asymmetry probably 
reflects imperfect pulse shapes. Spectra were taken in order of 

at each temperature for approximately 40 min prior to data ac- 
quisition. The data were transferred to a Digital Equipment 
Corporation Micro Vax I1 computer using the program NMRl 
(New Methods Research, Inc. Syracuse, NY). Moment analyses 
and de-Pakeing were camed out with FORTRAN programs 
written for the Micro Vax I1 computer. 

C. shnrhbionofDeukd"MRLioeshrpea The2HNMR 
line shape simulations were run on a Micro Vax I1 computer using 
the program MXQET,'5J6 which allows for multisite, multiaxis 
motional models. The simulations were obtained using a single 
axis (bsite jump) corresponding to diffusion about the long axis 
of the molecule. The 2H NMR spectra of the methylene segments 
and the methyl groups were calculated separately, weighted by 
the relative numbers of deuterons, and added together to yield 
the simulated powder patterns. The experimental 2H NMR 
spectra were fit by adjusting the jump rate between the sites, the 
effective quadrupolar coupling constant, and the degree of Lor- 
entzian or Gaussian line broadening. The jump rate, kjum is 
related to the rate of axial diffusion (4) by 4 = kjm,,&2, 
where 0, is the angle between the sites which is 60" for the case 
of 6-site jumps.37 

III. Analysis of Deuterium Nuclear Magnetic Resonance 
spectrr 

A ~ O n d e r P ~ a n d M o m e a t s o f S p e c t n l L i o e  
Sbapes. For lipids in the liquidcrystalline phase the bilayer normal 
is an axis of motional averaging, and the shape of the 2H NMR 
spectra corresponds to axially symmetric motion. In this case, 
the quadrupolar splitting, A q ,  between the two spectral transitions 
is related to the CJH bond segmental order parameter, ScD, by 

transformcdusingbothquadramchannels,talringcaretoinitiatc 

incteasing t c " t u r e  and the samples were allowed to quilibratc 

AUQ = %xp2(w 0 ) s C D  (1) 

Here x = $qQ/h and indicates the static quadrupolar coupling 
constant with a value of 170 kHz for a CJH bond,13 P2 is the 
second Legendre polynomial, and 0 is the angle between the bilayer 
normal (director axis) and the static magnetic field. The sec- 
ond-rank order parameter, ScD, is defined as 

SCD (p2 (m ~ P D ) )  = 1/2(3 Cos2 ~ P D  - 1) (2) 

where BpD is the time-dependent Euler angle between the CJH 
bond direction, viz. the principal symmetry axis of the electric 
field gradient (EFG) tensor, and the director axis which is defined 
as the bilayer The experimental 2H NMR spectra wen 
numerically deconvoluted to obtain subspectra corresponding to 
the 0 = 0" orientation of the bilayer normal relative the main 
magnetic field, using the dePakeing algorithm of Bloom et aL3* 
Evaluation of the CJH bond segmental order parameters was 
made from the sharp edges of the powder-type 2H NMR spectra, 
due to the 0 = 90" orientation, as well as from the de-Wed 
subspectra with use of eq 1. 

For samples of lipids containing perdeuterated acyl chains in 
the low-temperature state, individual quadrupolar splittings may 
not be resolved. However the moments of the 2H NMR spectra 
are directly related to the distribution of the splittings and can 
also provide knowledge of the orientational ordering of the chains. 
The fmt and sccond half-moments of the 2H NMR spectra were 
calculated from the experimentally o k e d  line shape distribution 
function Ao) using the e x p r e s ~ i o n ~ ~ . ~ ~  

i m o k f l u )  do 
Mk' ~ (3) s, f ( w )  dw 

In the above expression k = 1 or 2 andflu) is the spectral intensity 
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at the frequency o relative the center of the spectrum at zero 
frequency. One-half of the symmetric 2H NMR spectrum was 
used to calculate the half-moments, which were taken as positive. 
The kth moment of the quadrupolar powder patternM is given by 

Mk = Ad2*)k(laJCql) (4) 

in which 6 p  = (AvQ)* is the quadrupolar splitting at 6 = 90D, 
the brackets represent the average over all splittinp present, and14 

where ( k i )  = k!/[i!(k - i)!]. For the first and second moments 
Al = 2/(343) and Az = 1/5, respectively. Combining eqs 1 and 
4 yields the relationship of the kth spectral moment to the cor- 
responding moment of the distribution of the orientational order 
parameter, SCD, 

The first two moments MI and M2 give the mean orientational 
order parameter and its mean square value, respectively,M as 
indicated below: 

Finally, the fractional mean squared width of the distribution of 
order parameters, A2, is given by14 

B. Configurational Statistics of Acyl Chain8 in Relation to 
Average Membrane Properties. One can calculate equilibrium 
or average properties, e.g. the average length of the chains pro- 
jected onto a reference axis, from knowledge of the segment 
orientational distribution functions, or equivalently from the 
potential of mean torque for the various acyl segments. In practice, 
one obtains this knowledge by measuring order parameters (P,{x) ) 
of various ranks j, where x E cos /3 and /3 is the Euler angle 
describing the segment or molecular orientation, as indicated below 

Jrp/ (cos  /3)e-u(@)/kr sin /3 d/3 

JkU(@)ikT sin /3 d/3 
(Pi) = (10) 

Here U@) is the potential of mean torque, where exp[-U(x)/kT] 
dx is the probability of a particular orientation between x and 
x + dx, and the argument of the rank-j Legendre polynomial on 
the left is suppressed. Alternatively, one can adopt a simple 
functional form for the orientational distribution function, in which 
case measurement of a single order parameter, e.g. (Pz), can 
suffice to uniquely determine the equilibrium properties within 
this approximation. 

In the case of organized assemblies of amphiphiles or membrane 
lipids, the derived order parameters, or alternatively the first 
moment MI of the ZH NMR spectra, reflect only orientational 
order. However, positional order can be extracted using a simple 
statistical d e l  developed by Schindler and Seelig?' and later 
modified by Salmon et al.42 The equilibrium or average chain 
length can be described in terms of a set of virtual bond vectors 
attached to each of the segments, which are perpendicular to the 
methylene 2H-C3H plane, and whose length lo is the projection 
of the C-C bond distance along the all-trans axis, viz. Io = (1.54 
A) cos 35.3O = 1.25 A. The total average projected length of 
the acyl chains is then given in terms of the sum of the average 
projections of each of the virtual bond vectors along the all-trans 
axis by 

In the above expression ,$& is the time-dependent Euler angle 
relating the internal frame (I) corresponding to the ith virtual 
bond vector and the all-trans or molecular frame (M), and PI  
is a rank-1 Legendre polynomial. 

However, experimentally one observes the rank-2 order pa- 
rameter given by 

where 86% is the time-dependent Euler angle between the z-axis 
of the ith C-ZH bond (denoted P) and the director axis (D). At 
this level there are no assumptions regarding the equilibrium 
orientational distribution functions of the various segments. 
However, to obtain the values of the first-rank order parameters 
(6')) from the ex rimentally measured segmental order pa- 
rameters (6')) = &, knowledge of the orientational distribution 
functions for each of the segments is needed. In what follows it 
will be assumed that the C3H bond orientations fall on a tet- 
rahedral lattice due to trans-gauche isomerization, with rotational 
disorder of the chains; cf. Figure 4 of Salmon et al." From this 
model it is assumed that only a few angles are allowed. The 
segmental distribution functions A,$&] corresponding to these 
virtual bond vector orientations are then given by 

I P$, p"' IM- - 60" 

otherwise 

in which the probabilitia pgM are normalized and interconversion 
among the various Orientations is rapid on the NMR time scale. 
Note that the virtual bond vector orientations, &, are related 
to the C3H bond orientations, A!, as indicated in Figure 4 of 
Salmon et 

Evaluating (Pl[cos @&I) and (PZ[cos &A]) according to eqs 
10 and 13 leads to 

(14) 
where the arguments of the rank-1 and rank-2 Legendre poly- 
nomials are suppmed. Hence one must introduce further as- 
sumptions to eliminate the remaining probabilities on the right. 
Neglecting configurations in which the chain segments are fold- 
ed-back toward the aqueous interface (p\q0 = p{j0 = 0) then yields 

(15) 
Note that Pl(x)  is an odd function whereas P2(x) is even. Finally, 
replacing (6')) by S& and taking into account the %fold axis 
of the C2H3 group yields the following result for the equilibrium 
projected chain length:42 

(a')) = -% + [2P6') + Pi21 + (fir)) 

( W )  = t/2 - (6')) 

Here n is the number of carbons in the acyl chain (for PaLpC-d31, 
n = 16), m = 2 since the h y d "  region is consided to begin 
at the second carbon, a$, is the G Z H  bond order parameter of 
position i in the acyl chain, and @A is the order parameter of the 
methyl segment. The notation adopted is that S (P2) denotes 
the second-rank order parameter. 

Alternately, one can modify eq 16 to calculate directly the 
average projected length from the first half-moment of the 2H 
NMR spectra, MI, yielding 
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( L )  = 

(17) 

in which 8 ~ 8 )  is the experimental value of the C2H3 splitting 
corresponding to the 0 = 90° orientation. Thus, by simply 
measuring the fmt moment, MI, together with the terminal methyl 
splitting one can calculate the average chain length (L) directly. 
On the basis of geometrical considerations, it is assumed that the 
segmental order parameters a$, and S# in eqs 16 and 17 are 
negafiue in the case of polymethylene chains. For an all-trans 
rotating chain with rotating methyls, $;“I = and @A = -l/6 
in which case both eqs 16 and 17 reduce to (L) = (n - m + l)lo, 
which corresponds to 18.7 A for a palmitic acid chain. Both eqs 
16 and 17 assume an axially symmetric static electric field gradient 
tensor. 

The influences of slow motions which modulate the residual 
ordering left over from faster segmental motions (vide supra) can 
also be considered.“ These correspond to whole molecule motions 
of a collective or noncollective nature. One can write the ex- 
perimentally observed order parameters in terms of the individual 
order parameters for the fast and slow motions as43 

s8b = ~ 2 t S S l O W  (18) 

in which time-scale separation is implicit. The order parameter 
S, is taken as identical for alI chain segments and axial symmetry 
of the equilibrium distribution is assumed. It follows that the 
segmental order parameters S&$, in the expression for (L) , eq 16, 
are replaced by S&, and thus 

The above expression yields the effective length of the chain 
projected along the molecular axis, in which the all-trans state 
is taken as a reference. 

It follows that the chain length averaged over the local fast 
motionr, relative to the all-trans state (molecular frame), is then 
projected along the auerage bilayer normal (director axis) ac- 
cording to (L)fmt cos BMD = (L)fmtPl (x)  where x = cos &D. 
Taking the orientational average over the slow distribution leads 
to 

( L )  = ~ ~ ~ f m t ~ ~ l ~ s l o w  (20) 

in which statistical independence is assumed and the argument 
of PI is absorbed. Knowledge of b t h  the fust- and second-rank 
order parameters, (PI)slow and (P2)s10w 1 Sslow, is again needed 
to evaluate ( L ) ;  cf. eqs 18 and 20. The problem is thus under- 
determined and requires introduction of further simplifying as- 
sumptions. Here we consider only the simplest approximation 
that the slow motions are describable by a rectangular equilibrium 
orientational distribution function (cone Thus, 

where $MD is the cutoff for the distribution, viz. the semiangle 
of the cone, and fluctuations among the various orientations occur 
rapidly on the NMR time scale. The equilibrium values of ( P l ) h  
and (P2)d0w can then be obtained by integration of eq 10 using 
the rectangular distribution of eq 21. This yields ( B  & D ) ~  

(22) 

(23) 

Extension to more realistic distribution functions, for which 
calculation of equilibrium quantities in simple closed-form may 
not always be possible, is straightforward. 

Hence, given an estimated value of (Pz),low, the corresponding 
singlet distribution function is completely defined in terms of the 

(p1 )slow = f/2( 1 + COS &D) 

(Pz)siow = f /2  cos & d l  + cos $MD) 
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parameter PMD, which is the semiangle of the cone describing the 
maximum orientational fluctuations of the molecule with respect 
to the director. Knowing the value of &D, one can then determine 
(Pl)dow using eq 22, and hence the equilibrium projected length 
(L). The calculation entails first estimating the values of S(zt 
from the pmfde of the observed order parameters s$L as a function 
of the chain segment index i ,  together with the assumed value of 
(Pz)slow = SslOw, and then obtaining (L)f,, according to eq 19. 
The average length projected along the average bilayer normal 
( L )  is then given in terms of (L)fast and 

An estimate of the average C ~ O S S - S ~ C ~ ~ O M ~  area of the acyl chain 
can also be made from the effective chain length (L.) as described 
by Salmon et a1?2 One possibility is to adopt the approximation 
that the acyl chain occupies a volume defined by a cylinder of 
average length (L) and average cross-sectional area (A).  The 
average area is then given by 

by eq 20. 

( A )  = Vchain/(L) (24) 
in which Vchpin is the volume of the fatty acyl chain determined 
by using the volume of a methylene segment (VcH2 = 28.0 A’) 
for saturated  phosphatidylcholine^.^^ The volume for the acyl 
chain is 

(25) 

where VC+ = 2VCH2.46*47 However, use of the mean value (L) 
of the projected length distribution may underestimate the actual 
average distance to the bilayer midplane, assuming that inter- 
digitation of the two monolayers can be neglected (cf. ref 48). 
Thus eq 24 may overestimate (A) and yield an upper limit to the 
range of calculated values.24 Alternatively, the order profiles can 
be divided into two regions: the plateau region where all of the 
segments have approximately the same order parameter and are 
not resolved in the 2H NMR spectra and the more disordered 
region corresponding to the ends of the chains.% These two regions 
occur due to chain termination effects as shown in lattice models 
for lipid  bilayer^.^.^.^^^^^ At a certain depth in the bilayer, which 
corresponds to the extent of the plateau region in the order profile, 
the influences of chain terminations become important. Chains 
on adjacent molecules are more disordered beyond this point to 
maintain the packing at hydrocarbon density. This explains why 
the order parameter drops off so dramatically toward the chain 
ends. Therefore another possibilitys’ is to use only the plateau 
values of the S C D  profdes and calculate a C ~ O S S - S ~ O M ~  area (A)’ 
as discussed in ref 24. One is led to the result that 

& b i n  = (n - ~ ) V C H *  + VCH~ 

(A)’ = VpIateau(l/L)’ (26) 

where Vplateau is the chain volume due to the plateau segments. 
Use of the average length (L)’ determined using only the plateau 
value of ScD in place of (( l/L.)’)-I will yield a lower limit to the 
range of estimated values. For heuristic reasons, we have chosen 
to present the interfacial or cross-sectional areas calculated using 
eqs 24 and 26 in which (( 1 /L)’)-l is replaced by (L)’ as indicative 
of the range of uncertainty within the diamond lattice approxi- 
mation. 

Finally, from the temperature dependence of (L) and (A) (or 
(A)’) an estimate of the coefficients of thermal expansion in the 
hydrocarbon region can be made. The bulk thermal expansion 
coefficient is defined by 

a E 1 (”) 
v a T p  

Assuming that V = (A) ( L ) ,  one can write the total differential 
as 

dV- ( A )  d(L) + (15) d(A) (28) 

Combining eqs 27 and 28 then yields 

One can thus divide the bulk thermal expansion coefficient into 



9536 The Journal of Physical Chemistry, Vol. 96, No. 23, 1992 Jansson et al. 

lAUp(8r900)1/kHZ 
carbon TI0C (gel) carbon TI0C (La) 

resonance assign 33 36 38 43 assign 44 46 50 55 
1 C2CI5 55.7 55.4 56.1 55.4 CI 20.7 20.7 20.1 20.2 
L 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 c16 14.4 2 

TABLE II: Qurdrupohr Splittingl, lAu,#=90°)1, D e r i v e d  from 2H 
NMR Spectra of DPPC/PaLFT-d31 (31) h the La and 
Lor-Tempenture (GI) Wises 

lA~o(B=90~)1/kH~ 

20.5 

16.6 17.1 
2 

4 c12 18.1 15.0 15.6 
5 c13 15.6 13.7 12.2 
6 cI4 13.2 11.2 10.2 
7 Cl5 10.2 8.19 7.81 

c16 15.1 c16 2.44 1.95 1.53 

the thermal expansion coefficients parallel and perpendicular to 
the bilayer normal, viz. a = all + 2a, where 

} 18.1 z?} 19.5 
c2C15 55.2 

3 CI I 

It follows that the slope of a plot of In ( L )  versus temperature 
will yield all, and likewise al can be obtained from a plot of In 
(A) versus temperature. If one assumes that the change in volume 
with respect with temperature (eq 27) is negligible to a first 
approximation, then all = -2al. 

IV. Results 
A. Deuterium NMR Spectra as I Function of Temperature. 

Representative ZH NMR spectra over the temperature range 
25-55 OC are shown in Figure 1 for PaLPC-d31 in four different 
aqueous lamellar systems: pure PaLPC-dpl (10 wt % HzO), 

(1:l) (50 wt % H20), and cholester~l/PaLPC-d~~ (1:l) (50 wt 
% HzO). All of the systems are in the lamellar phase. The first 
three systems show similar 2H NMR spectra at temperatures of 
25 OC (Figure 2). These line shapes have two well-resolved 

DPPC/PsLPC-d31 (311) (50 wt % H20), palmitic aCid/paLpc-d31 

ci46 18.3 18.2 17.8 17.3 
Cl 16.4 16.4 15.9 15.3 
C8 15.5 15.0 14.4 13.9 
C9 14.0 13.9 13.4 12.5 
ClO 12.8 12.5 13.0 11.0 
CII 12.0 11.5 11.0 9.94 
CI2 10.6 10.5 10.0 9.05 
cI3 9.64 9.67 8.54 8.03 
c14 8.16 8.03 7.57 6.76 
Cl5 6.47 6.22 5.61 5.35 

13.7 c16 1.66 1.60 1.22 1.22 

splittings: a central component with a quadrupolar splitting of 
-14 kHz and a larger quadrupolar splitting of -55 Wz. For 
clarity part b of Figure 2 shows a mixture of DPPC-d6,/PaLPC 
(3:l) instead of the DPPC/PaLPC-d31 (3:l) spectrum, since 2H 
NMR spectra of DPPC/PaLPC-d31 are dominated by the isotropic 
micellar peakz Otherwise the 2H NMR spectral line shapes are 
similar for the two The dotted lines in Figure 2 show 
simulations of the line shapes obtained for the observed spectra. 
The simulations in parts a-c differ mainly in the amounts of 
Lorentzian and Gaussian line broadening and assume an axial 
diffusion rate of 6.8 X lo* rad s-l (108 MHz). In part d the 

to those for the 90 wt % PaLPC-d31 sample in part a, except that 
the rate of axial diffusion was reduced to 2.8 X lo6 rad s-l (446 
kHz). The simulation in part d of Figure 2 can probably be 
improved somewhat by minor reduction of the quadrupolar cou- 
pling constant or incorporation of wobbling of the chains, but this 
was not pursued further. 

The former three systems, i.e. excluding ~holesterol/PaLPC-d~~ 
(1 : l), undergo an order-disorder phase transition upon increasing 
the temperature and, in contrast to the spectra below this tran- 
sition, the line shapes above the phase transition are of different 
widths and shape as seen in Figure 3. It should be noted that 
the DPPC/PaLPC-d31 (3:l) system orients in the magnetic field 
of 7.06 T which explains why the shoulders corresponding to the 
0 = Oo orientation are largely absent (part b of Figure 3)?5 The 
fourth sample, cholester~l/PaLPC-d~~ (1: l), shows behavior 
different from that of the other samples (part d of F w e  3). Fit, 
no phase transition is observed over the temperature interval 
studied, and second, the quadrupolar splittings are much greater 
at the higher temperatures. The quadrupolar splittings for the 
0 = 9 0 O  orientation were obtained by depakeing the experimental 
2H NMR spectra and then transforming the 19 = 0' values using 
eq 1. Figure 4 indicates plots of the quadrupolar splittings of each 
of the samples as a function of temperature which are also tab- 
ulated numerically in Tables I-IV. 
B. M o n m t ~ o f D e u t d " M R ~ ~ ~  

Parts a and b of Figure 5 show respectively the first and second 
moments of the 2H NMR spectra of PaLPC-d31 in the different 
samples as a function of increasing temperature. A substantial 

DPPc-ds2 s e  w89 d d a t e d  with of p a r a "  S h i h  

TABLE III. Qwdrupohr Splittinge, lAuQ(8=900)1, D e r i v e d  from % NMR Spectra of PWtk Acid/P.LPC-d3, (1:l) h the La and 
Lor-Temperature (Gel) Pi" 

carbon TI0C (gel) carbon TI°C (La) 
resonance assign 29 33 36 38 43 assign 51 55 

1 c2C15 55.4 55.4 55.7 55.7 55.1 C2-G 29.0 27.0 
24.9 

3 c8C'o} CI1 25.9 22.4 
2 

4 c12 22.2 20.6 
5 c13 19.8 17.7 
6 c14 16.4 14.9 
7 12.4 11.0 
8 c16 12.0 11.2 11.2 11.0 10.7 c16 3.17 2.68 
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a) PaLPC-d3, (90 wt%) b) DPPC/PaLPC$,(3:1) 

I1 

T = 55'C 

~ 
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c) pal / PaLPC+, (1:l) 
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F'igm 1. Deuterium (2H) NMR spectra of PaLPC-dll in four different 
systems (multilamellar dispersions) as a function of temperature: (a) 
PaLPC-dll, 10 wt 9% H 2 0  (b) DPPC/PaLPC-dll (3:1), 50 wt W H2O; 
(c) palmitic acid/PaLPC-dll (l:l), 50 wt W HzO and (d) cholesterol/ 
PaLPC-d31 (l:l), 50 wt 76 H20. The low-temperature 2H NMR spectra 
of the first three systems are very similar; however, at higher tempera- 
tures the spectra differ significantly. Note that the 'H NMR spectrum 
of DPPC/PaLPC-d31 (3:l) at 55 OC (part b) is indicative of preferential 
orientation of the sample in which the bilayer normal is perpendicular 
to the magnetic field (0 = 9 0 O ) .  In the presmce of cholesterol the 2H 
NMR spectra (part d) differ in that splittings of intermediiate width are 
observed at all temperatures studied. 

lA~p(6=90~)1/kH~ 
carbon TI0C (L,) 

resonance assign 25 40 55 
C&, 53.3 50.8 48.1 

46.8 42.2 41.2 
42.9 39.6 38.9 

c11 40.7 38.5 31.6 
c12 38.1 35.3 35.1 
cI3 31.2 31.3 32.1 
c14 29.5 27.4 25.1 
c15 22.0 20.5 19.0 

c, 
ClO 

cl6 5.27 4.92 4.59 

reduction in MI and M2 with temperature is observed for the first 
three systems, implying that these undergo a thermal order- 
disorder phase transition. However, the nature of the phase 
transitions is quite Merent. For the PaLPC-d31(90 wt 5%) system, 
the moments change rather abruptly at 44 O C  as expected for a 
single lipid component system. The ord-er phase transition 
observed a t  44 "C, which is clearly evident from the 2H NMR 
spectra of the PaLPC-dpl (90 wt 96) sample, is not indicated in 
the phase diagram of Arvidson et  a1.26 This is because the low 
water content area of the phase diagram and in particular the 
low- tempera tur t l ,  phase transition was not carefully studied; 
therefore the absence of the phase transition may not contradict 
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a) P~LPC$, (90 wt%) b) DPPC-d62 / PaLPC (3:l)  
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Figure 2. 2H NMR spectra of multilamellar dispersions in the low-tem- 
perature state at 25 OC: (a) PaLPC& 10 wt W H 2 0  (b) DPPC- 
d62IPaLPC (3:l). 50 wt W HzO, (c) palmitic acid/PaLPC-d31 (l:l), 50 
wt W H 2 0  and (d) DPPC-da, 50 wt W H20. In each case the 2H NMR 
spectrum is indicative of largely all-trans acyl chains undergoing axial 
rotation. The sample of DPPC/PaLPC-dl1 (3:l) yields the same 2H 
NMR line shape (not shown) as in part b, except for the presence of an 
isotropic peak due to exclusion of a fraction of the PaLPC from the 
low-temperature phase. The dotted lines over the spectra show the sim- 
ulated 2H NMR line s h a m  for an all-trans chain undergoing axial 
rotation with rotating methyls. The simulation in part a assumed the 
rotational diffusion rate about the axis was 6.8 X Id rad s-' for both the 
methylenes and the methyl groups; the effective quadrupolar coupling 
constant was 160 kHz for the methylenes and 45 kHz for the methyl 
groups. A Lorentzian broadening of 5 kHz and a Gaussian line broad- 
ening of 1 kHz were applied to the free induction decays before Fourier 
transformation in the case of the methylene groups, and 0.1 kHz Lor- 
entzian and 0.5 kHz Gaussian line broadening was used for the methyl 
groups. The simulation in part b differed from that in part a only in that 
both the Lorentzian and Gaussian line broadening for the methyl groups 
wcrc changed to 1 kHz. The simulation of the % NMR spectrum in part 
c differed from that in part a in that 3 kHz Lorentzian and 1 kHz 
Gaussian broadening wcrc used for the methylene segments and 0.3 kHz 
Lorentzian and 1 kHz Gaussian line broadening for the methyl groups; 
furthermore, the effective quadrupolar coupling constant was changed 
to 40 kHz for the methyls. The simulation of the DPPC-d62 spectrum 
in part d was obtained using the same parameters as for the 90 wt W 
PaLPC-dll sample in part a, except that the rate of axial diffusion was 
slowed down to 2.8 X lob rad s-I; the Lorentzian and Gaussian line 
broadenings of the methyl groups were changed to 0.8 and 1 kHz, re- 
spectively. The simulations in parts a-c differ mainly in the amount of 
line broadening used, whereas part d differs from the other simulations 
by having a slower axial diffusion rate. 

what is reported (G. Lindblom, penonal communication). Rather 
broad phase transitions are observed for the mixed DPPC/ 
PaLPC-d3, (3:l)  sample and for the mixed palmitic acid/ 
PaLPC-d3, (1:l) system which span over 10 O C .  The difference 
in phase transition behavior is also evident from the change in 
the relative width of the distributions of quadrupolar splittings, 
shown by the parameter A2, in part c of Figure 5. Orde&rder 
phase transitions of single lipid component systems are charac- 
terized by a sharp maximum of the parameter A2,"' as found for 
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b) DPPC/PaL.PCd,, (3:l) a) PaLPCd,, (90 ~ 1 % )  
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Figure 3. Representative zH NMR spectra of multilamellar dispersions 
containing PaLPC-& in the liquid-crystalline state (L,) at 55 OC: (a) 
PaLPC-djl, 10 wt % HzO, (b) DPPC/PaLPC-d31 (3:1), 50 wt % H20; 
(c) palmitic a~id/PaLPC-d~~ ( l : l ) ,  50 wt % HzO; and (d) cholesterol/ 
PaLPC-d3, (l: l) ,  50 wt 5% HzO. T h e  results illustrate the differences 
in the L, phase 2H NMR spectra among the four systems. Also shown 
are expansions of the shoulder regions of the spectra (e = 0') which 
indicate that the DPPC/PaLPC-& (3:l) sample (part b) orients in the 
magnetic field with 0 = 90°. Note the pronounced ordering effects of 
cholesterol (part d). 

PaLPC-d31 (90 wt %). By contrast, mixtures of different lipids 
would be expected to have a broader transition due to the increased 
number of thermodynamic state variables needed to describe the 
system (Gibbs phase rule). Therefore both the DPPC/PaLPC-d31 
(3:l) and palmitic a~id/PaLPC-d~~ (1:l) systems show broader 
maxima. As mentioned above the cholester~l/PaLPC-d~~ (1 :1) 
system behaves quite differently compared to the other three 
systems investigated. The moments M1 and M2 are almost in- 
variant over the whole temperature interval, with values inter- 
mediate between those of the low-temperature and La phases for 
the other systems. As observed previously for cholesterol/ 
DPPC-d62 mixtures,SfS3 the ch~lesterol/PaLPC-d~~ ( 1 : 1) system 
does not undergo a phase transition over the range of temperatures 
investigated. 

The values of MI and M2 are very similar below the phase 
transition for the PaLPC-d3, (90 wt %), DPPC/PaLPC-d31 (3:1), 
and palmitic a~id/PaLPC-d~~ (1:l) systems. The similarity be- 
tween the 2H NMR spectra of the low-temperature phases is also 
evident from Figure 2. In contrast to what is observed at low 
temperatures, however, the values of MI and M2 are significantly 
different above the order-disorder phase transition (cf. Figure 5). 
Figure 3 shows the differences in the line shapes of the liquid- 
crystalline 2H NMR spectra. The width of the spectra and the 
moments increase in the order of the PaLPC-d31 (90 wt %), 
DPPC/PaLPC-d31 (3:1), palmitic a~ id /PaLPC-d~~  (l:l), and 
choIester~l/PaLPC-d~~ (1: 1) systems. The pronounced ordering 
effect of cholesterol, which is evident from these data, has been 
reported previously, both for lysophospholipids and diacyl- 
p h ~ s p h o l i p i d s . ~ ~ ~ ~ ~ ~ ' ~  

C. Order Profiles of P.lmitoyllysophosplmtidylcholine as a 
Functioa of Acyl ch.ln !3eg"t Position. It is possible to obtain 

1 a) PaLPC-d,, (90 wt%) b) DPPC/PaLPC-d,, (3:l) 
60 

4 I 
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Figure 4. Plots of the quadrupolar splittings at 0 = 90° as a function of 
temperature derived from ZH NMR spcctra of aqueous multilamellar 
dispersions of (a) PaLPC-d3,10 wt % HzO, (b) DPPC/PaLPC-d31 (3:1), 
50 wt 9% HzO, (c) palmitic a~id/PaLPC-d~~ (l:l), 50 wt % HzO and (d) 
cholestcr~l/PaLPC-d~~ ( l : l ) ,  50 wt % HzO. The low-temperature 
spectra are characterized by two splittings which are close to the values 
expected for all-trans rotating chains with methyl rotation. In the L, 
phase a distribution of quadrupolar splittings along the acyl chain is 
resolved. 

order parameter profiles for acyl-chain perdeuterated lipids by 
de-Pakeing the 2H NMR spectra to obtain the contribution from 
the 0 = Oo orientation, and assigning the resolved peaks by in- 
tegrating the peaks and assuming that 5'& decreases monoton- 
ically along the alkyl chain.14 This procedure was followed for 
each of the systems except the DPPC/PaLPC-d31 (3:l) sample 
because of the absence of the 0 = Oo orientation. For this system 
the peak assignments were made directly from the observed 2H 
NMR spectra. Figure 6 shows the order parameter profiles 
obtained in this way for the PaLPC-d31 acyl chains in the four 
systems. The assumption of a monotonously decreasing 5$! may 
not always be valid, however. For example, in lipid systems 
containing cholesterol it has been demonstrated that the S&, profde 
shows a broad maximum in the middle of the alkyl ~ h a i n . ~ ~ J ~  
Although there may be some minor inconsistencies in the carbon 
assignments, the magnitudes of the 2&, values are correct. For 
example, in the cholester~l/PaLPC-d~~ (1:l) system the order 
parameter is higher compared to the other systems at all positions 
regardless of the assignments. 

D. Average Projected Chain Length and Estimated Mean 
CnrssSectiorl ArecL Using eqs 16.24, and 25 one can calculate 
the average projected acyl chain length (L) and estimate the mean 
croa9-sectional area (A) of the acyl chains from the order profiles. 
Likewise the same calculations can be made considering only the 
plateau region as described in Section I11 yielding a mean area 
of (A)'. The calculated values of (A)' are about 10% less than 
(A) for all of the lipids studied. These two different methods of 
calculation are considered to yield upper and lower limits for the 
areas and are indicated in the text by parenthew, i.e. (A) ((A)'). 
The validity and physical relevance of these two techniques merit 
further investigation. Figure 7 shows the values for the projected 
length and cross-sectional areas calculated in both ways. These 
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0.0 

3.0 

TABLE V Average Projected Length, Cwm-Seeti0ll.l Aru, .ad Theruml Expmdaa Coeffickata for PIILPc-d,, in Dlffwent Membrane Sy&m 
lipid system temp/OC w"/A W b / A 2  (A)"/AZ a{/K-' 2aLd/K-' 

PaLPC-d3l, 44 11.4 39.4 34.6 -0.001 60 0.001 60 
10 wt % Hz0 46 11.4 39.4 34.6 

50 11.3 39.7 34.3 
55 11.2 40.0 35.0 

DPPC/PaLPC-d31 (3:1), 45 12.0 37.4 34.3 -0.001 75 0.001 75 
50 wt 5% H20 51 11.7 38.3 34.7 

55 11.8 38.0 33.9 
pal/PaLPC-d31 (l:l), 51 12.9 34.8 30.3 -0.006 74 0.006 74 

50 wt 5% H20 55 12.6 35.5 31.5 
chol/PaLPC-d,, (l:l), 25 15.7 28.5 24.4 -0.001 39 0.001 39 

50 wt % Hz0 40 15.3 29.2 24.9 
55 15.1 29.7 25.5 

DPPC-dez, 50 12.3 35.8 32.2 -0.00200 0.002 00 
50 wt % H20a 65 11.9 37.9 33.0 

80 11.6 39.3 33.9 

"Calculated from cq 16 of text. *Calculated from eq 24 of text using volume per chain, V-, obtained from dilatometry data for disaturated 
phosphatidylcholines.'5 'Calculated for plateau region only using cq 26 of text. dThermal expansion mficients parallel and perpendicular to the 
bilayer normal derived from linear regression fits of plots of In ( ( L ) / l o )  and In ( ( A ) / & )  versus temperature using eqs 30 and 31. Here lo M the 
projected length per methylene segment in the all-trans state, and is the corresponding cross-sectional area. For simplicity it is assumed that the 
hydrocarbon density is approximately constant over the indicated temperature range leading to aI = -2aL. 'Data refer to sn-1 chain of DPPC-ds2 
multilamellar dispersions.s5 
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Figure 5. Moments of the 2H NMR spectral line shapes of PaLPC-d31 
in different lamellar systems as a function of temperature. (a) The fvst 
moment MI, (b) the second moment M2, and (c) the parameter A, are 
shown as a function of inmaping temperature for multilamellar disper- 
sions of PaLPC-d31, 10 wt 5% H 2 0  (4); DPPC/PaLPC-d31 (3:1), 50 wt 
46 H20 (0); palmitic a~ id /PaLPC-d~~  (l:l), 50 wt % H20 (w); and 
cholester~l/PaLPC-d~~ (l : l) ,  50 wt % H20 (A), respectively. For the 
first three samples the moment values are the same at  low temperatures 
but are different above the phase transition. The large change in the 
moments as a function of temperature is due to the main chain melting 
(order-diirder) transition. The cholcaterol/PaLPC-d31 (1:l) mixture 
shows moments which are in between the low-temperature and high- 
temperature values of the other samples and doee not undergo a phase 
transition over the temperature interval studied. 

values are also tabulated in Table V as a function of temperature. 
The values in Table V consider only the fast trans-gauche isom- 
erizations; however, as pointed out above, slow may also 
be pnsent which will affect the calculated acyl chain lengths. For 
example, taking a lower limit of (P2) f~ 0.654 yields a value 
of (L)fut of 13.4 A using values of dt for DPPC/PaLPC-d3, 

0.5 

0 DPFCiF'aLFCd,, (31)  
m paUPaLFC$, (1:l) 

m-m-.-.-em, .-.-., \ 4 

0 4 8 12 16 

chain segment (i) 
Figure 6. Influence of intermolecular interactions on order profiles of 
PaLPC& in the lamellar li uid-crystalline (La) state. Profflea of seg- 
mental order parameters, S&, as a function of acyl chain position arc 
shown for multilamellar dispersions of PaLPC-d31, 10 wt % H20 (4); 
DPPC/PaLPC-d31 (3:1), 50 wt 9% Hz0 (0); palmitic acid/PaLPC-d31 
(1:l). 50 wt % HzO (w); and ch0lestcr0l/PaLPC-d~, (l:l), 50 wt % H@ 
(A) at 55 O C .  Because the various systems have similar ordedhorder 
phase transition temperatures they are at comparable absolute and rc- 
d u d  temperatures. A substantial effect of the lamellar environment 
on the segmental ordering of the PaLPC-& chains is evident. 

(3:l) at 55 OC. A 13% increase is found versus the calculation 
of (L) directly from the observed order parameters $.!. Ac- 
cording to eq 23 the value of ( P Z ) , , ~  f~ 0.6 yields a maximal 
semiangle of PMD = 4 5 O  assuming a rectangular probability 
distribution, from which a value of (PI)* = 0.85 is calculated 
acwrding to eq 22. Finally eq 20 results in a value of (L) - 1 1.4 
A which is very close to the value of 1 1.8 A estimated directly 
from the obserued order parameters (cf. Table V). Consc- 
quently the calculation of (15) from the observed order profilts 
using eq 16 appears justifiable. The net result of decomposing 
the observed order parameter (P2) into the product of order 
parameters due to acparatefast and slow motions is aonnpensation 
of their influences on the calculated values of (L). Note that 
because the rank-1 order parameter (PI ) is involved, the simple 
product decomposition of the observed rank-2 order parameters 
does not carry over directly into the calculation of (t). 
As a consequence of the different degrees of molecular order, 

the calculated projected lengths of the bilayers at 55 OC range 
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Figure 7. Average properties of PaLPC-d31 in different bilayer envi- 
ronments derived from 2H NMR spectra (cf. text). (a) Projected acyl 
chain length, (L), and (b) average chain cross-sectional areas, (A) and 
(A)', are depicted for multilamellar dispersions of PaLPC-d31, 10 wt W 
HzO (+); DPPC/PaLPC-d3, (3:1), 50 wt W H20 (0); palmitic acid/ 
PaLPC-d31 (l:l),  50 wt W HzO (B); and choleetcr~l/PaLPC-d~~ (l:l), 
50 wt 5% HzO (A), as a function of temperature. The data illustrate the 
influences of varying the acyl chain to phosphocholiie head group ratio 
on the average length and estimated average cross-sectional area of the 
chains. 

from 1 1.2 A for the PaLPC-d31 (90 wt 9%) system to 15.1 A for 
the ch~lesterol/PaLPC-d~~ (1:l) system. The thickness of the 
hydrophobic m e  of the bilayer is greater than or equal to twice 
the average projected length (L) if chain interdigitation is ne- 
glectad, cf. Section 111. Likewise, thq chain cross-sectional areas 
range from 40.0 (35.0) AZ for the PaLPC-& (90 wt %) system 
to 29.7 (25.5) AZ for the cholt~terol/PaLPC-d~~ (1:l) system at 
55 'C. In addition, the isobaric coefficimts of thermal expansion 
for both the length, ai, and the area, h,, can be calculated from 
the slope of plots of In (L) and In (A) versus temperature (not 
shown). As a simplifying approximation, the volume is assumed 
to be constant over the temperature range studied, and therefore 
the values for all and 2al are equal but opposite in sign. Like 
most diacylphospholipids s t ~ d i e d ~ ~ * ~ * ~ ~  to date, the thermal ex- 
pansion coefficients for all of these systems are approximately 7 2  
X K-l. The values for the thermal expansion cueficients all 
and 2al are also indicated in Table V. 

v. Wmsioa 
Previous s t ~ d i e s ~ f ~ ~ . ~ ~  have indicated that the introduction of 

PaLPC-d3, into bilayers has dramatic effects on average Properties 
of the membranes. In an earlier paperz5 it was shown that the 
incorporation of PaLPC into DPPC bilayers c a d  a decrease 
in segmental ordering of the entire system no matter which 
component was deuterated, Below the main phase transition the 
DPPC/PaLPC (3:l) mixture again showed a different behavior 
from pure DPPC dispersions and yielded more ordered ZH NMR 
spectra. Furthermore, the peoence of PaLW was found to cause 
mag&@ orientation of the lamdlae in the liq- * e ~ t a t e . ~  
Since the identities of the phosphocholine head groups and acyl 
chains are the same in the DPPC/PaLPC (3:l) mixtures, it is 
likely that their ratio cau8t8 the observed effects. The ratio of 
the head group to acyl chain cross-sectional areas is related to 

either the lipid ppcking parameteP or the curvature free energy 
of the membrane lipid-water interface.30 In the present inves- 
tigation we have further explored this idea by studying PaLpcd31 
in four different lamellar environments: PaLPC-d3, (90 wt %), 
DPPC/PaLPC-d31 (3:1), palmitic a~id /PaLPC-d~~ (l: l) ,  and 
ch~lesterol/PaLPC-d~~ (1 : 1) mixtures. This allows for experi- 
mental investigation of intermolecular interactions in the lamellar 
phases, since intramolecular interactions should be the same to 
a first approximation. 

A. Molecular F'ropertiea of Lamellar Phues Comprisiog 
P 8 l n d t o y U y ~ k h o k  It is first useful to summarizt 
the behavior of the various systems containing PaLPC& as 
detected from their ZH NMR spectra. The similarities in the ZH 
NMR spectra of the PaLPC-d31 (90 wt %), DPPC/PaLPC-d31 
(3:1), and palmitic a~id /PaLPC-d~~ (1:l) systems in the low- 
temperature phases indicate that the segmental ordering of the 
palmitoyl-d31 acyl chain is not sisnificantly influenced by the ratio 
between the acyl chain cross-sectional area and the head group 
area. The spectra have two well-rdved splittings, the inner one 
having a quadrupolar splitting of approximately 14 kHz which 
is close to the value expected for the rotating methyl groups of 
an all-trans polymethylene chain experiencing axial dihion, 14.2 
kHz. The larger splittings of approximately 55-60 kHz arc close 
to the value expected for the B = 90' orientation of all-trans 
methylene groups undergoing axial diffusion. Simulated line 
shapes are shown by the dotted lines in Figure 2. The correct 
splittings were obtained by varying the effective quadrupolar 
coupling constant and suggest that the chains are nearly but not 
quite all-trans rotating chains with rotating methyls. Furthermore, 
the presence of nearly all-trans chains is also suggested by the 
calculated spectral moments (Figure 5). For the case! of a rotating 
160 polymethylene chain with rotating methylsa the fmt moment 
is expected to be 1.4 X lo5 s-' and the second moment 2.9 X 1O1O 
s-~, which are close to the low-temperature values in Figure 5. 
Using eq 17 one finds that the projected chain lengths calculated 
from the first moments are all approximately 17.7 A which is 
slightly less than the all-trans value, 18.7 A, as expected by the 
above analysis. Deviations in the moments and the calculated 
value of (15) from the all-trans state may be caused by spectral 
distortions due to finite pulse lengthsM or by line broadening. 
Furthermore, the observed splittings may be reduced by some other 
motion such as a wobbling of the entire molecule. However, it 
is evident that the chains are close to the all-trans configurations 
with axial rotation in the low-temperature phase. 

This behavior differs from DPPC-ds2 and other diacyl- 
phosphatidylcholines which have a different shape for the low- 
temperature phase *H NMR A broad distribution 
of methylene splittings is seen for such systems and they lack the 
distinct B = 90' splitting of -55 kHz (part d of Figure 2). The 
difference in the shape of the zH NMR spectra may be accounted 
for in at least three ways: (a) the diacylphosphatidylcholines have 
a broader distribution of quadrupolar splittings along the chains, 
(b) the rotation about the long axis is in the inkmediate exchange 
region on the NMR time scale for the diacylphosphatidylchohes, 
leading to a smearing of the all-trans splittings, or (c) the di- 
acylphosphatidylcholines may go through a phase with biaxial 
symmetry,57 whereas the PaLPC-d31 (90 wt %) may not. This 
may also lead to an apparent broadening of the all-trans splittings 
which reflects the non-zero asymmetry parameter. The simulation 
shown (part d of Figure 2) was obtained by slowing the axial 
diffusion rate used in part a from 6.8 X lo8 (108 MHz) to 2.8 
X lob rad s-' (446 kHz). As can be seen this does come close 
to fitting the observed spectra, and it indicates that the rate of 
axial diffusion may explain the major differences between the 
systems. However, it is obvious that this may not be the only factor 
involved. It is rather interesting to note that merely adding 
PaLPC-& to DPPC eliminates this broadening and yields the 
2H NMR spectra expected for all-trans rotating chains. 

At higher temperatures the zH NMR spectra are further av- 
eraged in all cases, which impliea that the rate of the motions is 
greater than the anisotropy of the static quadrupolar coupling, 
Le. >>(9/8)($qQ/h) = 191 kHz. All three former systems un- 
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dergo a main chain melting phase transition at similar tempera- 
tures as reflected by the change in the 2H NMR spectral line 
shapes and their calculated moments. Such similarities may 
emphaaii the importance of the identity of the acyl chains in the 
chain melting. Theoretical studies of this transition in lipid la- 
mellar have indicated that the important interactions 
are those which are determined by the chemical identity of the 
acyl chains and head group. It has been suggested that one of 
the factors which modulate the phase transition is the balance 
of forces in the head group region which resists the lateral ex- 
pansion necespary for the transition, and not necessarily the actual 
size of the head The main phase transition temperatures 
of phosphatidylethanolamines are higher than the corresponding 
phosphatidylcholines because the hydrogen bonding of the 
phosphocthanolamine head groups opposes this lateral expansion.ss 
Therefore it is not surprising that the main order-dhrder phase 
transitions in the mixtures containing PaLPC+ are similar 
because the acyl chains and head group are identical except for 
the free hydroxylic group of the lysolipid. The rather minor 
differences are probably related to variations in the numbers of 
components which would lead to broadening of the transitions, 
although slight changes in head group orientation among the 
samples could play a role. 

Above this transition, in the liquid-crystalline state, the 2H 

systems, which indicates that the ratio between the head group 
and acyl chain areas is of greater importance for the chain seg- 
mental ordering above the phase transition. This difference is 
not due to differences in the phase transition temperature which 
is approximately the same for all three systems. The interactions 
between the head groups exert the dominant influence on the 
effective cross-sectional area occupied per molecule. The larger 
the head group cross-sectional area, the more area is accessible 
to the acyl chains which leads to a decrease in the segmental order. 
It seems evident that the effective head group area relative to the 
area of the chains plays a major role in modulating the config- 
uration of the acyl chains. 

In previous work it has been shown that the 2H NMR order 
profiles can be used to estimate average molecular cross-sectional 
areas for DPPC and DPPE in the liquid-crystalline state.u 
Furthermore, Mely et al?9 studied potassium laurate dispersions 
to show that the order parameters extracted from the 2H NMR 
spectra were directly related to the mean area per polar head 
group. The extractions of average cross-sectional areas for the 
systems presently investigated must consider their multicomponent 
nature. However, some conclusions can be reached by comparison 
to data for pure aqueous DPE-d62 dispersions." For the 
PaLPC-d31 (90 wt %) sample, Figure 7 shows that the estimated 
single chain cross-sectional area is 39.7 (34.3) AZ at 50 OC, de- 
pending of the method used for the calculation, which is larger 
than the sn- 1 chain crass-sectional area for DPPC-d62 at the same 
temperature, 35.8 (32.2) A2.Z4 The cross-sectional area of the 
single chain for PaLPC is not big enough to fill the void left if 
the phosphocholine head groups are the same effective size in both 
PaLPC and DPPC. These changes in cross-sectional area for 
PaLPC relative to DPPC may be related to interdigitation of the 
acyl chains of opposing monolayers or to a change in head group 
orientation as suggested by 3*P NMR spectra of PaLPC.25 

If the interfacial areas per molecule are the same, the most 
plausible interpretation for the acyl chain cross-sectional areas 
is that the two opposing monolayers interdigitate in the case of 
PaLPC-d31 (90 wt %). In this case the chains of two molecules 
on opposite sides could be expected to pack analogously to the 
two chains of DPPC; the existence of an order profile in both cases 
would imply that differences exist toward the terminal methyl 
groups. Such interdigitation has been observed for fully hydrated 
PaLPC samples below the critical temperature (Le. the temper- 
ature where the system goes from an extended lamellar structure 
to  micelle^).^ Low-angle X-ray diffraction data on an 85 wt % 
PaLPC sample26 show a lamellar repeat distance of 42 A which 
is much smaller than that for DPPC bilayers, =64 A. Therefore 
the 2H NMR data along with the X-ray diffraction data seem 

NMR spectw Of paLpc-d31 are quite d i f f m t  in the former three 
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to suggest that the PaLPC (90 wt 96) may be arranged in the 
interdigitated lamellar phase. 

Alternatively it is possible that the cross-sectional areas at the 
lipid-water interface are not the same for PaLPC and DPPC, e.g. 
as suggested by differences in the NMR If the area 
at this interface is smaller for the F%LK system then the oppaping 
monolayers need not be fully interdigitated, since such a structure 
would only arise when the area at the lipid-water interface is much 
greater than the hydrocarbon area. It is also plausible that due 
to the lower hydration the head groups are packed tighter for 
PaLPC than for DPPC, leading to a reduction of the average 
cmns-sactonal area compared to that expected for two acyl chains. 
This implies that the chain would take up more room than the 
sn-1 chain of DPPC but not the entire molecular area estimated 
for DPPC, 71.7 (64.4) A2 at 50 "C (Table V). 

In the case of the DPPC/PaLPC-d31 (3:l) mixture at 55 OC 
the calculated area of the single chain, 38.0 (33.9) A2, is very 
similar to the PaLPC-& (90 wt %) sample, 40.0 (35.0) A2, but 
it is larger than the value for DPPCd62935.8 (32.2) A2 at 50 OC. 
It is worth noting that the cross-sectional area calculated for the 
chains in a DPPC-&/hLPC (3:l) mixture, i.e. in which the other 
component is deuterated, is also 38.0 (33.9) A2.25 If the head 
group interfacial areas were equal, then a reduction in the number 
of chains would lead to an increase in the average cross-sectional 
area occupied per chain. However, one would predict the value 
per chain to be closer to 41 A2, since seven chains would now 
occupy the space eight do in DPPC-d62 bilayers. This seems to 
imply that in these mixed bilayers the area at the iipid-water 
intuface of PaLPC is slightly leas than the value for DPPC, and/or 
that the chains of the adjacent DPPC molecules help occupy some 
of the area under the PaLPC head group. For the palmitic 
acid/PaLPC-d3, (1:l) bilayers, the cross-sectional area per acyl 
chain is approximately equal to the area for DPPC-d62 which 
suggests that the combination of PaLPC and palmitic acid together 
occupy about the same area as one DPPC molecule. Note that 
the behavior of the ch~lesterol/PaLPC-d~~ (1:l) mixture is dif- 
ferent over the entire temperature range in that although there 
is an increase in ordering a profile of quadrupolar splittiugs is also 
evident. However, the largest splitting of -50 kHz is again close 
to the value expected for an all-trans chain rotating about its long 
axis. One can conclude that the upper part of the palmitoyl chain 
is nearly all-trans and rotating stochastically at a rate greater than 
(9/8)($qQ/h) = 191 kHz, with an increase in configurational 
freedom farther down the chain as found in mixtures of cholesterol 
with diacylphos ho l ip id~ .~~  The calculated value of (A) ((A)') 

polymethylene chain with rotational disorder. 
B. ~ I a f e r p . e c l t i o a h T ~ o f A ~ ~  

Purwter &/or Iotedadnl Curvature Free Eaergy. The phase 
behavior and ordering of lipids can also be interpreted in terms 
of the concept of the packing parameter, V/& where Vis the 
lipid volume, A,, is the average head group interfacial area which, 
in the La phase of diacylphospholipids, is approximately twice the 
acyl chain cross-sectional area ( 2 ( A ) ) ,  and 4 is a critical chain 
length related to the average length of the extended lipid chain.28 
This packing parameter is associated with the average shapes of 
the molecules within the organized assembly. A molecule with 
the same cross-sectional area at the head group and in the acyl 
chain would have a packing parameter of one. Likewise if the 
interfacial area of the head group is increased or the cross-sectional 
area of the chains is reduced the packing parameter would be leas 
than one. A more quantitative formulation involves introduction 
of the curvature free energy, g,, of the membrane lipid-water 
interface, given by 

is 29.7 (25.5) A P , and it is close to the value expected for a trans 

g, K(H - Ho)' (32) 
Here K is the bending rigidity, H is the interfacial curvature, Ho 
is the spontaneous curvature of a given monolayer, and the 
Gaussian curvature is neglected for simplicity. A packing pa- 
rameter of greater (less) than one would comspond to a negative 
(positive) spontaneous monolayer curvature Ho; for qualitative 
purposes we will use these concepts interchangeably. 
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The three systems which undergo a chain melting phase 
transition, viz., PaLPC-d’, (90 wt %), DPPCIPaLPC-d’, (3:1), 
and palmitic a~id/PaLPC-d~~ (l:l), show transition temperatures 
which are relatively close to one another which may reflect sim- 
ilarities in their chain packing. The phase behavior of the 
PaLPC-d’, (90 wt 96) sample and DPPC-d62 (50 wt 96) are very 
similar; although the two lipids have rather different structures, 
both undergo a sharp orderdisorder phase transition at relatively 
close temperatures (44 versus 37 “C). As discussed above, when 
the elastic curvature stress is sufficiently large, e.g. in the lamellar 
phase of PaLPC-d’,, it may be relieved by interdigitation of the 
chains, If this is the case then each phosphocholine head group 
would have two acyl chains underneath it as for DPPC bilayers, 
and the packing parameters would be similar. An alternative 
explanation is that the lower hydration of the PaLPC-d3, sample 
results in a decrease in the effective interfacial area of the polar 
head groups such that the value of the packing parameter or 
alternatively the spontaneous curvature is decreased to a value 
similar to that for DPPC. Either of these two explanations would 
explain the correspondence in the phase behavior of the PaLPC 
(90 wt 56) and DPPC (50 wt 96) samples in the fluid phase. 

An understanding of the DPPC/PaLPC-d3, (31) system using 
the concept of an average packing parameter is somewhat more 
involved. This system has been investigated in more detail else- 
where and has a phase transition which spans the range of 37 to 
43 0C.25 The low-temperature onset of the transition is the same 
as for DPPC-d62; however, the temperature interval is broader 
for the DPPC/PaLPC-dS1 (3:l) mixture. A more complicated 
transition which involves phase separation at low temperatures 
may contribute to this broadening.2s However, some conclusions 
can be drawn in terms of properties averaged over the entire 
system. In order to explain the specific features of the 2H NMR 
spectra, some of the previous observationsz are summarid here: 
at temperatures below the main phase transition, the mixed 
DPPC/PaLPC (3:l) bilayers coexist with a small fraction of 
PaLPC molecules confined in micelles. The presence of an iso- 
tropic peak in the low-temperature 2H NMR spectra of the 
DPPC/PaLPC-d3, (3:l) system in a consequence of this behavior. 
When DPPC is in the low-temperature phase, the PaLPC forms 
micelles because it is more favorable to exclude PaLPC molecules 
from the DPPC bilayer than to incorporate the molecules into 
the more configurationally ordered low-temperature system. 
However, the micelles disappear at temperatures above the phase 
transition. The formation of micelles is directly related to the 
packing parameter, and therefore the average shape or alterna- 
tively the curvature free energy of PaLPC. In the La phase, the 
DPPC bilayers can be disordered sufficiently to incorporate 
PaLPC molecules with a wedgelike average shape (packing pa- 
rameter < l), such that the curvature elastic stress does not yield 
disruption of the bilayers. In the liquidcrystalline phase the mixed 
bilayers of this system were found to orient with their director 
axes perpendicular to the magnetic field (e = 90°).25 This may 
likewise reflect a change in curvature free energy which enables 
deformation of the microscopic lamellar domains. Symmetry 
considerations imply that spherical aggregates cannot orient in 
a magnetic field so that the aggregates must take on slightly 
different shapes. The presence of more wedgeshaped molecules 
(PaLPC) may alter the spontaneous curvature, Ho, and/or the 
bending rigidity, I(, and allow the microcrystallites to deform and 
align in the magnetic field.25 

Similar considerations hold for the palmitic acid/PaLPC-d3, 
(1:l) system in which we again have a threecomponent system 
(considering water as one component). Differential scanning 
calorimetric measurements have indicated that aqueous codis- 
persions of PaLPC and fatty acids show phase properties that 
closely resemble those of diacylphosphatidylcholines?* On the 
basis of this observation, Jain et a1.6, have suggested that lyso- 
phosphatidylcholine and fatty acids associate to form a complex 
that resembles a phosphatidylcholine molecule. This has been 
questioned by Brentel et a1.62 who argue that the phase behavior 
of the mixture can be understood in terms of simple geometrical 
considerations such as the average packing parameters of the 
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molecular mixture. In other words, a complex between the 
PaLPC-d3, and the fatty acid need not be assumed. A more 
detailed comparison between the 2H NMR spectra of palmitic 
acid/PaLPC-d3, (1:l) (part c of Figure 1) and pure DPPC-d62 
(ref 40) shows that the phase behavior of the two systems is in 
fact quite different. The phase transition is much broader in the 
mixed sample, spanning a temperature interval of approximately 
10 “C, as compared to 1.5 “C for DPPC-d62, indicating that the 
mixture of palmitic a~5dlPaLPC-d~~ (1:l) is heterogeneous and 
not a complex. Moreover, in contrast to what is observed for the 
2H NMR spectra of the DPPC-d62 bilayers below the phase 
tran~ition,~’*~ the palmitic a~id/PaLPC-d~~ (1:l) 2H NMR spectra 
(part c of Figure 2) exhibit well-defined quadrupolar powder 
patterns, which are due to effective diffusion of the acyl chains 
about their long axes plus axial rotation of the methyl groups. 
This implies that mixtures of PaLPC and palmitic acid do not 
form a complex similar to DPPC in agreement with the findings 
of Akgrini et al.,22 who also investigated palmitic a~idlPaLP(2-d’~ 
mixtures, but with specifically deuterated palmitic acid instead 
of perdeuterated PaLPC. The fact that the order profile of the 
palmitic acid/PaLPC-dS1 system resembles closely that of 
DPPC-d62 (cf. Figure 6) can thus be explained by assuming that 
the average packing parameter is nearly unity, corresponding to 
a relatively small spontaneous curvature, H,,, in the lamellar phase. 

The concept of an average packing parameter has also been 
very useful in comparing the relative ordering of the acyl chains 
among different lipid We can apply the same type 
of analysis to understand the sequence of relative ordering in the 
lamellar PaLPC-dS1 mixtures. Assuming DPPC has a packing 
parameter of one, that of PaLPC would be less than one due to 
its larger head group area to hydrocarbon area ratio. By contrast 
palmitic acid would have a packing parameter greater than one 
due to the smaller size of the head group, COO-, relative to the 
acyl chain. Considering the average packing parameter for the 
entire system, the values for pure DPPC and the palmitic 
a~id/PaLPC-d’~ (1:l) mixture would be close to one, that of the 
pure PaLPC would be less than one, and that of the DPPC/ 
PaLPC (3:l) mixture would be between the limits of pure PaLPC 
and pure DPPC. If this packing parameter were directly pro- 
portional to the orientational ordering of the acyl chain segments, 
then one would expect the order to decrease in the following series, 
palmitic acid/PaLPC (1:l) - DPPC, DPPC/PaLPC (3:1), and 
PaLPC (90 wt %), which is precisely what is observed for these 
systems (Figure 6). One other point in support of this argument 
is that 1,2-dipalmitoyI-sn-glycero-3-phosphoethano~ne, which 
would be predicted to have the highest value of the packing 
parameter on account of the small head group size and reduced 
hydration, also has a higher order at comparable temperatures 
than any of these  system^.^^.^^,^' 

C. Statistical Treatment in Terms of I n m u l a r  Forces in 
wospbdipid Lsrmdhr PI”. The properties within the lamellar 
phase can also be considered within the framework of various 
statistical theories. Because the present systems are rather com- 
plicated and multicomponent in nature, a quantitative explanation 
of the differences among the mixtures in terms of statistical 
mechanical modeling will not be pursued here. However, some 
general conclusions of a qualitative nature can be drawn from 
previous theoretical simulations of the statistical properties of lipid 
acyl chains. The molecular organization of lipids in membranes 
depends on a balance of both intramolecular and inrermolecular 
forces. The hydrocarbon chains of the lipids interact via short- 
range (excluded-volume) repulsions and long-range dispersion-type 
attractions.2*s6 In addition to these forces, the hydrated head 
groups of the lipids interact via attractive electrostatic dipolar, 
hydrogen bonding, and nonspecific van der Waals interactions, 
together with repulsive excluded-volume interactions.’ The in- 
termolecular interactions within the hydrocarbon and head group 
regions are difficult to formulate in precise terms, and approxi- 
mations are n-. A number of statistical mechanical theoria 
have been developed to describe the ordering of the lipid chains 
in planar membranes in terms of these intra- and intermolecular 
contributions,’-’ including lattice and mean-field theories. The 
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various models can be divided into two general classes. One 
category assumes that the segmental ordering is governed mainly 
by the anisotropy of the long-range dispersion f o n ~ s . ' ~ ~  However, 
such dispersion forces are not believed to be strongly directional 
in nature. Most current models now emphasize the predominance 
of tethering of the molecules to the aqueous interface together 
with short-range repulsive interactions among the chains which 
govern the orientational and positional ordering of the chain 

In other words, the attractive forces are assumed 
mainly to provide cohesion and to stabilize the system. Hence 
the dominant roles are provided by the shape and packing of the 
molecules, under the influence of attractive forces which cause 
a reduction in the average intermolecular separation. 

In the mean-field development of MarEelja? the energy of a 
given chain codiguration of a liquid-crystalline system is divided 
into three terms 

(33) 

Here Ein, is an intramolecular contribution which is associated 
with the energetics of different conformations of an isolated acyl 
chain.2 The second two terms describe infermolecular forces and 
parametrize the contributions from the remainder of the molecules 
in the lamellar phases. The repulsive term Ew models the steric 
interactions between the chains due to their tethering to the 
aqueous interface which are described in terms of an effective 
lateral chain pressure, rc. The repulsive or steric energy is de- 
scribed in terms of the product uc and the effective cross-sectional 
area of the chain in a given configuration.68 The dispersive term 
&kp arises from attractive intermolecular van der Waals or 
dispersive forces and is formulated in terms of a potential of mean 
torque.' In practice, the combined steric and attractive interactions 
between the hydrocarbon chains are described in terms of ad- 
justable parameters with a corresponding reduction in their 
physical significance. The intramolecular term will depend on 
the identity of the acyl chains, whereas the intermolecular con- 
tributions will reflect the environment of the molecule. Theoretical 
calculations3**" indicate that the magnitude and the shape of the 
order profiles are sensitive to changes in both the lateral chain 
pressure rc and the molecular field CP. For a given value of the 
field CP, as the average interfacial area increases, with the acyl 
chains held constant, the lateral chain pressure uc decreases leading 
to a decrease in the absolute magnitude of the order profile.10 
Similarly, for a given lateral pressure rc, a decrease in the mo- 
lecular field leads to a reduction in the chain ordering, and hence 
an increase in the average cross-sectional chain area (A)." Given 
that the influences of chain interdigitation are not reflected in 
the parameter values, one would predict that qualitatively u, 
and/or CP would decrease in the following order: palmitic 
a~id/PaLPC-d~~ (1:l) > DPPC/PaLPC-d31 (3:l) > PaLPC-d31 
(90 wt %), Le. since the magnitudes of the order profiles decrease 
in this manner and are related to the increase in cross-sectional 
chain area estimated for these systems. Further studies are needed 
to extend and refine these conclusions, however. 

An additional point is that the orientational order of PaLPC-d31 
is enhanced dramatically by the presence of cholesterol. What 
distinguishes the ch~lesterol/PaLPC-d~~ (1:l) mixture from the 
other lipid systems investigated is that the hydrocarbon domain 
of bilayer and the polar region comprise a mixture of chemically 
different moieties. The relatively rigid cholesterol molecule is in 
direct steric contact with the phospholipid hydrocarbon 
which leads to a gradual disappearance of the cooperative main 
phase transition with increasing mole fraction of cholesterol in 
the case of diacylphospholipids.23~sz~s3~70~71 Assuming that the 
short-range, repulsive interactions are dominant, the presence of 
the rigid sterol frame would tend to restrict the rotational isomeric 
states of the hydrocarbon chains, leading to an increase in their 
orientational ordering. However, one must also distinguish this 
increase in orientational ordering from translational or positional 

, variables since it is known that the addition of cholesterol has very 
Little influence on the lateral diffusion in phospholipid 
The addition of cholesterol then leads to the disruption of the 
cooperative chain-hain interactions and stabilizes an additional 
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liquid-ordered phase with rotational and translational mobility 
but high orientational order. In general, the introduction of 
cholesterol into lamellar phases of PaLpC-d31 has similar dramatic 
effects on equilibrium roperties as previously observed for di- 
a c y l p h o s p h o l i p i d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

VI. conchrsioas 
The present study of a single-chain phospholipid amphiphile, 

PaLPC& in different lamellar phase environments has enabled 
investigation of the influences of intermolecular interactions on 
average lipid properties. In particular we have shown that the 
ratio of acyl chains to head groups plays a role in determining 
microscopic properties (2H NMR order parameters) and average 
macroscopic properties of the entire system in both the low-tem- 
perature and liquid-crystalline phases. We find in the low-tem- 
perature state that three of the samples, viz. PaLPC-d3' (90 wt 
W), DPPC/PaLPC-d31 (3:1), and palmitic acid/PaLPC-d3' (l:l), 
yield 2H NMR spectra which are characteristic of all-trans acyl 
chains with rotating methyls undergoing long-axis rotational 
diffusion. This result is different from that obtained for aqueous 
dispersions of pure DPPC-ds2 and indicates that the presence of 
PaLPC-d31 yields a low-temperature phase differing in its mo- 
lecular properties from diacylphosphatidylcholines. Above the 
main chain melting transition the segmental order parameters are 
dependent on the environment of the acyl chains. Comparison 
to theoretical models indicates that this is a function of the ratio 
of acyl chains to head groups. This can be described by the lipid 
packing parameter introduced by Israelachvili et a1.,2* or alter- 
natively in terms of the curvature free energy of the membrane 
lipid-water interface.'O An increase in the one-to-two ratio of 
phosphocholine head groups to acyl chains found in saturated 
diacylphosphatidylcholines yields a packing parameter leas than 
one, and corresponds to a curvature elastic stress in the fluid phase. 
Qualitatively, when the curvature stress in the lamellar phase is 
very large, e.g. as may occur in the case of PaLPC, interdigitation 
of the chains may be most effective in relieving the frustration. 
This is suggested by the present 2H NMR studies of the acyl cham 
region of P ~ L P C - C ~ ~ ~  dispersions in the lamellar phase, which may 
be accompanied by a change in head group orientation as sug- 
gested by 31P NMR spectroscopy.2s However, if the frustration, 
i.e. elastic stress, is not too large, it can be relieved in one or both 
of the following ways: (i) the average interfacial area occupied 
per head group can be reduced or (ii) the mean chain cross- 
sectional area can be increased. The present 'H NMR studies 
suggest that an increase in chain cross-sectional area may occur 
in the case of the DPPC/PaLPC-Q1 mixtures. In general, the 
current investigations of PaLPC containing dispersions imply that 
each of the above effects may m r  depending on the ratio of the 
phosphocholine head groups to acyl chains. These studies indicate 
that intermolecular interactions are important in modulating the 
average properties of the entire lamellar phase. Incorporation 
of different molecules can change these properties and may be 
related to the lipid diversity found in biological membranes. 
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