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Structure and Packing of Phosphatidylcholines in Lamellar and Hexagonal Liquid-Crystalline 
Mixtures with a Nonionic Detergent: A Wide-Line Deuterium and Phosphorus-31 NMR Study 
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Lamellar and hexagonal (HI) liquid-crystalline mixtures of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) 
with the nonionic detergent octaethyleneglycol mono-n-dodecyl ether (C12Es) have been studied by solid-state 
2H and 31P N M R  spectral techniques. The HI phase structure is considered as a useful model for small mixed 
detergent/phospholipid micelles. Formation of such mixed micelles is an obligatory step in the investigation 
of biological membranes and membrane proteins. Both the phospholipid 31P N M R  chemical shift anisotropy 
and the 2H N M R  quadrupole splittings can be observed in the hexagonal mesophase, in contrast to micelles 
where motional averaging precludes the direct observation of residual chemical shift or quadrupolar tensors. 
The 2H N M R  spectra were evaluated in terms of carbon-deuterium bond order parameter profiles. The order 
profiles obtained in the lamellar detergent/phospholipid mixtures were significantly different from the 
corresponding profiles in the mixed detergent/phospholipid HI phase. In the lamellar phase, an increasing 
proportion of Cl2Es led to a significant reduction in the absolute magnitude of the individual order parameters, 
whereas in the HI phase the order parameters remained relatively constant over a broad range of detergent/ 
phospholipid molar ratios. It was also shown by 31Pand 2H N M R  that the interfacialsegmentsof the phospholipid 
(the glycerol backbone and the headgroup dipole) assume an almost identical conformation in the lamellar and 
in the HI phase. Average chain lengths and mean cross-sectional areas were derived from the order parameter 
profiles and interpreted in terms of geometrical properties of the hexagonal and lamellar phase aggregates. 
Furthermore, measurements at  different temperatures yielded an estimate of thermal expansion coefficients 
of the phospholipid acyl chains in the different phases. It is concluded that addition of detergent to lamellar 
phospholipids results in increasing packing constraints which are eventually relieved by a lamellar + H I  transition. 
These packing constraints are discussed in terms of the molecular shape concept and with reference to statistical 
mechanical models of chain packing in bilayers, HI-structures, and small micelles. 

I. Introduction 

The alkyl- and arylpoly(oxyethy1ene) detergents are am- 
phiphiles having widespread applications that are technologically 
of considerable importance. In particular these detergents are 
useful in membrane biochemistry as they are very suitable for 
disruption of bilayers and nondenaturing solubilization of mem- 
brane bound proteins.1 One advantage of using nonionic rather 
than ionic detergents is that the biological function of solubilized 
membrane proteins is in many cases preserved. Moreover, a 
theoretical understanding of micellar and liquid-crystalline 
aggregates may be easier to achieve than with ionic detergents 
due to the absence of electrostatic head group interactions. It 
has been known for decades2 that micelles are formed in dilute 
solutions of amphiphilic substances. However, a detailed un- 
derstanding of the packing of hydrophobic chains in such globular 
structures including spherical and prolate ellipsoidal micelles has 
not been achieved. The configurational properties and segmental 
mobility of detergent alkyl chains in spherical micelles have 
frequently been investigated by nuclear magnetic resonance 
methods (for recent reviews see refs 3 and 4). Notably, 2H and 
I T  NMR spin-lattice relaxation time ( T ~ z )  measurements in 
micellar surfactant systems as well as studies of the relaxation 
enhancement by paramagnetic ions have led to the conclusion 
that an increase in configurational disorder occurs toward the 
micelle core.S-' 
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At higher concentrations these detergents form liquid-crys- 
talline structures, among which the hexagonal (HI) phase is 
frequently of particular extension and stability (depending on 
the size of the polyoxyethylene moiety).* It has been shown in 
an earlier study that phospholipids, when incorporated into a 
detergent HI structure, adopt the average motional properties of 
the rodlike host phase.g The hexagonal (HI) phase structure can 
be regarded as an elongated (prolate) or infinite cylindrical micelle. 
It can then be assumed that the packing constraints pertinent to 
HI structures are analogous to those which determine the 
aggregation and average shape of micelles. Thus, the HI phase 
is a useful model for the accommodation of the alkyl chains of 
amphiphile monomers in micelles and, in particular, of solutes 
of very different size and molecular weight, such as phospholipids 
and solubilized membrane proteins in mixed micellar aggregates. 

It is widely appreciated that 2H NMR spectroscopy provides 
a particularly convenient and conclusive means for the deter- 
mination of order and mobility in liquid-crystalline mesophases, 
including phospholipid bilayers and nonbilayer structures.lOJl 
Detailed information on phospholipid structural and dynamical 
properties can be obtained from a combination of 31P and 2H 
NMR spectroscopic techniques. The present study further 
concentrates on the structural perturbation of the phospholipid 
acyl chains in liquid-crystalline mixtures of a phospholipid with 
an alkyl polyoxyethylene detergent (9). Using 2H NMR 
spectroscopy, chain order profiles were obtained in lamellar 
mixtures and in a hexagonal mixed phase of type HI with the 
same percentage of water (50 wt %) in all samples. These 
experiments provide new insights into the mechanism of bilayer 
disruption by detergents on a molecular level, notwithstanding 
the limited range of compositions and temperatures studied. 
Addition of detergent to the phospholipid bilayer leads to 
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considerable disordering of the acyl chains, suggesting that 
conformational disorder is a prerequisite for the structural 
transition from the bilayer to a state of higher symmetry, i.e., for 
solubilization of the phospholipid. More importantly, it is possible 
to explain the 2H NMR spectral parameters in terms of the average 
structure of the phospholipid molecules in the mixed micellar 
aggregates. The segmental order parameters of the phospholipid 
chains obtained in the mixed HI phase for the first time reveal 
directly the motional constraints due to the dense chain packing 
in these mixed structures. Moreover, 2H N M R  spectroscopy 
yields information pertaining to the average conformation of the 
phospholipid backbone segments. In membranes, the zwitterionic 
phospholipid molecules are known to assume a unique confor- 
mation in which the glycerol backbone is generally directed 
perpendicularly toward the membrane ~ u r f a c e . ~ ~ - ~ 5  This con- 
formation, which is a consequence of the asymmetry of the 
phospholipid molecule, leads to an inequivalence of the sn- 1 and 
sn-2 fatty acyl chains. The present 2H N M R  experiments show 
that this average conformation is preserved in the HI phase in 
spite of the considerably different geometry having decreased 
local order parameters. 

11. Materials and Methods 

(A) Materials and Sample Preparation. The nonionic detergent 
octaethyleneglycol mono-n-dodecyl ether (C12E8) was obtained 
from the Kouyoh Trading Co. (Tokyo, Japan). Deuterium- 
depleted water was from Sigma (St. Louis, MO). The deuterated 
phospholipids were purchased from Avanti Polar Lipids (Bir- 
mingham, AL). Liquid-crystalline samples were prepared as 
described previously: in which the water content was 50% of the 
total sample weight. Briefly, the appropriate amount of phos- 
pholipid, detergent, and deuterium-depleted water were weighed 
into a glass tube under nitrogen; the tubes were flame-sealed, and 
the components were thoroughly mixed by repeated centrifugation 
back and forth. All samples were allowed to equilibrate for several 
weeks prior to the NMR measurements. Sample purity was 
checked by TLC before and after the measurements. 

(B) NMR Spectroscopy and Data Processing. The 2H N M R  
spectra were collected with a Varian VXR 400 spectrometer (2H 
frequency of 61.4 MHz) having a 2.9-ps 90' pulse and 20-ps 
pulse separation with a phase-cycled quadrupolar echo sequence. 
The time domain signals were Fourier transformed using both 
quadrature channels, taking care to start the transform at the top 
of the echo. Typically, a line broadening of 50 Hz was applied 
to apodize the spectra. 31P N M R  spectra were obtained at  161.9 
MHz, with a 2.9-ps 90' pulse and a recycle time of 3 s. All 
spectra were taken in order of increasing temperature. A number 
of experiments were also performed using a General Electric G N  
300 spectrometer operating at  a magnetic field strength of 7.06 
T (2H frequency of 46.1 MHz). This spectrometer was equipped 
with a home-built, high-power probe, an externaldigitizer (Nicolet 
2090 digital oscilloscope), and a high-power radio frequency 
amplifier (Henry Radio Tempo 2006). A phase-cycled quadru- 
polar echo pulse sequence was used to collect the data, employing 
a 6-ps 90' pulse, 40-ps pulse separation, recycle time of 0.5 s and 
a digitization dwell time of 2 1.1s. After every change in 
temperature, the samples were allowed to equilibrate at  the new 
temperature for approximately 40 min prior to data acquisition. 

111. Analysis of Deuterium Nuclear Magnetic Resonance 
Spectra 

(A) Reduction of *H NMR Spectral Data. For lipids in the 
lamellar liquid-crystalline phase, the shape of the ZH NMR spectra 
corresponds to axially symmetric motion in which the bilayer 
normal is an axis of motional averaging. In the case of a planar 
bilayer, thequadrupolar splitting, A@, between the two spectral 
transitions is related to the C-2H bond-order parameter of the 
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ith acyl segment, SCD('), by 

The static quadrupolar coupling constant x has a value of 170 
kHz for a C-ZH bond, Pz is the second-rank Legendre polynomial, 
and 0 the angle between the bilayer normal (director axis) and 
thestaticmagnetic field. Here theorder parameter of thecarbon- 
deuterium bond is defined by 

s,,c"=(P,(cospi)) = ' / , (3coS2p1-1)  (2) 

in which pi is the time-dependent angle between the ith C-ZH 
bond direction and the bilayer normal; the brackets indicate a 
time or ensemble average. The experimental 2H N M R  spectra 
were numerically deconvoluted to obtain subspectra corresponding 
to the 0 = 0' orientation relative to the main magnetic field using 
the de-Pakeing algorithm.16 The C-2H bond segmental order 
parameters were evaluated from the sharp edges of the exper- 
imental, powder-type 2H N M R  spectra, due to the 0 = 90' 
orientation, as well as from the deBaked subspectra, using eq 1. 

For hexagonal phases there is an additional axis of symmetry 
due to diffusion over the surface of the cylinder. Therefore, an 
additional rotation must be made to determine the order parameter 
and eq 1 becomes 

(3) 

The above result is a simple consequence of the closure property 
of the rotation group; axial symmetry is assumed for all coordinate 
transformations. Here l is the angle between the average 
molecular long axis (identical to the bilayer normal in the L, 
phase) and the cylinder axis. This angle is 90' and thus the 
quadrupolar splittings in the hexagonal phases are scaled by a 
factor of - l / 2  relative to the L, phase due to geometric 
considerations alone. A similar reduction or scaling of the 3lP 
chemical shift anisotropy, Au, in the hexagonal phase versus the 
lamellar phase reference is found due to the geometrical effect 
of diffusion over the cylindrical surface.17 

The chain segment assignments in the bilayer and hexagonal 
phases were made by integrating the intensities of the de-Paked 
spectra and by comparison to previous results for DPPC in the 
lamellar L, phase with specifically deuterated and perdeuterated 
acyl chains.18-2O Comparisons were also made with chain 
assignments for DMPC-d54 in the L, phase.20 Because phos- 
pholipids are asymmetric molecules, the two acyl groups are, in 
principle, inequivalent. It follows that separate order profiles 
are observed for the sn-1 and sn-2 chains in the L, phase.20 

(B) Relation to Average Properties of Membrane Lipid 
Aggregates. The segmental order parameters can be used to 
estimate the average projection of the acyl chain (&ai,,) along 
the all-trans state using a simple statistical model19J1 to yield 

Here the maximum length corresponds to the fully extended all- 
trans conformation. In the derivation of the above result, back- 
folding of the acyl chains toward the aqueous interface is neglected. 
Equation 4 takes into account the fact that different order profiles 
are observed for the sn- 1 and sn-2 chains of phospholipid lamellar 
phases in the liquid-crystalline state.'8-20 Here, the index i refers 
to the numbering of the acyl chains beginning with the ester 
carbon (i = 1) and ending with the methyl carbon (i = n), in 
which n is the number of carbon atoms (n = 14 for DMPC). The 
effective acyl chain length is taken as extending from the C I  
carbon to the methyl carbon in the case of the sn-1 chain, Le., 
m = 2. In the case of the sn-2 chain, the contribution from the 
C2 carbon is neglected so that m = 3 (cf. ref 19). The length of 
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and l o  the chain length per residue in an all-trans chain (1.25 A). 
In eq 8b tilting of the chains is neglected. The factors 2 and 3 
in the last two equations are due to the geometry of cylinders and 
spheres, respectively. 

The temperature dependence of the quadrupolar splittings is 
related to the isobaric thermal expansion coefficient CY = 
l/V(aV/ar),. For a bilayer, this can be decomposed into the 
components parallel (“11) and perpendicular (al) to the bilayer 
normal: 

one carbonsarbon bond projected onto the long axis of the all- 
trans reference state is l o  = 1.25 A. 

The above expression amounts to transforming JSCD(‘)I into an 
average microscopic property, namely the projected average length 
of the deuterated acyl chains. It is, however, desirable to deduce 
the average macroscopic dimensions of the aggregate in order to 
enable a direct comparison with existing X-ray and neutron- 
scattering results. In a bilayer aggregate of half-thickness ( t ) ,  
consisting of N monomeric chains with a volume Vand an average 
area ( A )  per chain, the dimensions are by definition N ( A )  = 
NV/ ( t ) .  Here it is implicitly assumed that variation of the area 
per chain and bilayer thickness at  the location of the chain with 
area A are statistically independent. It is important to note that 
it is ( t )  rather than (&hain) which is measured by diffraction 
techniques. The average end-to-end chain length as obtained by 
2H NMR is expected to be smaller than the average bilayer 
thickness, due to the end effects of the chains,10.22 Le., (&sin) 
< ( t ) .  The “plateau” usually observed in the 2H order parameter 
gradient of deuterated bilayer membranes is clearly indicative of 
chain end effects.”J 

The bilayer aggregate may be divided into “cells” of rectangular 
parallelepipeds, thevolume of which equals the molecular volume. 
Due to chain end effects, the “instantaneous molecular shape” 
which is related to the 2H N M R  quadrupolar splittings is not the 
same as the “cell shape”. It can be assumed, however, that the 
cell shape is reflected by the JSCD(’)) values from the “plateau” 
segments of the acyl chains. The average interfacial area (A) ’  
and the average of the inverse plateau length are correlated by 

( A ) ’  = vplat(l/Lplat) ( 5 )  
where the subscript “plat” means that only plateau segments are 
considered. As ( 1 /Lplat) is not directly observable, it is necessary 
to use eq 4 for the plateau segments only and assume that 

(l/LpIat) =s l/(LpIat) ( 6 )  
Likewise, if the entire chain is taken into account, the analogous 
assumption for the projected chain length is (l/Lchai,,) = 
1 /(&,ai”). These relations are clearly approximations in that 
they represent upper and lower limits of the true interfacial area 
per chain (A),ll.*3 i.e. 

Vplat/ ( Lplat ) ( A  ) ‘chain/ ( k h a i n  ) (7) 
The dimensions of curved phase structures can be approximated 

analogously using 2H NMR data. In a hexagonal phase there 
is little or no “plateau” in the order parameter gradient, so that 
the interfacial area is represented only by the order parameter 
ISCD(~)( of the C2 chain segment. This yields the average area per 
chain (A)’  = V2( l/Lz) where V2 and L2 denote the volume and 
projected length of the C2 segment, respectively. As in the case 
of the planar bilayer, the true interfacial area cannot be derived 
directly as it is determined by ( 1/L2) rather than by l/(L2). It 
has been shown that the half-thickness of cylindrical and micellar 
aggregates correspond with the all-trans chain length of the 
constituent amphiphile~.~’~~ Thus, combining the above con- 
siderations with results obtained from scattering techniques and 
summarizing the area calculations for bilayer, cylindrical, and 
spherical aggregates, the following approximations can be 
made? 

= 2/10 (cylinders) (8b) 

where nCHI is the number of CH2 segments per chain, ( t )  the 
half-thickness of the bilayer as obtained from X-ray scattering, 

Q = cy11 + 2a, = - 1 - +- 1 ( a w )  - (9) 
( 1 )  aT 2 ( A )  aT 

with ( t )  and ( A )  being the average half-thickness and the average 
area of the bilayer.11-23 Note that this equation considers 
macroscopic properties. It is desirable, however, to introduce 
the microscopic average properties as obtained from 2H NMR. 
As it is only for the “plateau” values that we can utilize a ”cell 
shape” corresponding to a rectangular parallelepiped, the proper 
expressions are 

Again, the approximation (l/Lplat) J l/(Lplat) or ( l /Lz) J 
1/(&) canbemadeinorder toobtainacorrelationwithobservable 
quantities: 

In the limit that one considers only the interfacial segments, the 
same development can be applied for curved phase structures 
such as cylindrical HI phase aggregates. Noting that the 
temperature dependence of all quadrupolar splittings is quite 
similar both in the lamellar and in the hexagonal phases, it can 
be further concluded that aplat  = dhain. Thus for comparative 
purposes it is justified to estimate a11 for the entire chain both for 
cylinders and bilayers.” 

IV. Results 

In the present work the DMPC/ClzEs/water system was 
studied in the temperature range 15-50 OC at a total water content 
of 50 wt %, where the system adopts lamellar or hexagonal phase 
structures9 depending on the proportion of phospholipid and 
detergent. The temperature range applicable to the hexagonal 
detergent/phospholipid mixtures is limited by the upper boundary 
of the hexagonal ClzE~/water phase at approximately 55-60 
0C.29,30 In the mixed hexagonal phase there is also a low- 
temperature limit ca. 20 OC below the main thermotropic phase 
transition of the pure phospholipid, where a gel phase separates 
out of the hexagonal liquid-crystalline mixtures9 Thus, all 
experiments with liquid-crystalline mixed mesophases were 
performed between 15 and 50 OC. Figure 1 shows a number of 
representative 3lP N M R  spectra (left column) and 2H NMR 
spectra (central and right columns) of lamellar liquid-crystalline 
mixtures of CllEs and DMPC-&. All samples were hydrated 
identically at  a weight ratio of (DMPC + C12E8)/water of 1:l 
as described in the Materials and Methods section. The3lPNMR 
line shape unequivocally reflects the lamellar structure of the 
phase at  C12Es/DMPC-dS4 molar ratios ranging from 0.5:l to 
1:l. Moreover, no indication can be found in the spectra of the 
presence of a nonlamellar, e.g., isotropic or micellar phase. The 
somewhat distorted 3lP line shape (over-emphasized peaks at the 
lower frequency right-hand side of the powder patterns) are 
probably due to a variable degree of orientation of the lamellar 
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Figure 1. 31PNMR spectra (left column), powder-type2H NMR spectra 
(center column) and corresponding dedaked ZH NMR spectra (right 
column) of liquid-crystalline lamellar C12Es/DMPC-&-water mixtures. 
Molar ratiosofC12Es/DMPC-&: (a) 0 3 1 ;  (b) 0.6:l; (c) 0.8:l; (d) 1:l. 
Water content in all samples 50 wt %. Temperature 45 OC. 

and hexagonal structures in the magnetic field.17931.32 The 31P 
NMR powder patterns can be evaluated in terms of the effective 
phosphorus chemical shift anisotropy, Au. In the lamellar state 
as shown in Figure 1, addition of C&8 leads to slightly decreasing 
Au values (from 46 f 2 ppm at 0.5 mol C&8 per mol of DMPC 
to 39 f 1 ppm at 1 mol Cl2E8 per mol of DMPC). 

The 2H NMR powder-type spectra (central column in Figure 
1) of the samples were deconvoluted using the standard de-Pakeing 
routine. l6 This deconvolution procedure allows the extraction of 
individual deuteron quadrupole splittings which can be trans- 
formed into local carbon-deuterium order parameters. The 
deconvoluted spectra (Figure 1, right column) correspond to a 
homogeneous orientation of the normal to the bilayers at  an angle 
of 0 = O", where 0 denotes the orientation of the normal to the 
bilayer surface with respect to the magnetic field (see eq 1). The 
increasing C12Es/DMPC ratio results in decreasing quadrupolar 
splittings as will be shown below (cf. Table 1). 

Figure 2 shows similar *H and 31P NMR spectra of a liquid 
crystalline hexagonal (HI) phase C12Es/DMPC-& mixture at 
different temperatures. A homogeneous hexagonal phase struc- 
ture exists in the range from 6:l to 15:l mol/mol according to 
the phosphorus line shape. The effective phosphorus chemical 
shift anisotropy, Au, was rather constant at approximately -19 
f 1 ppm over the whole range of detergent concentrations in this 
liquid-crystalline mixed phase. It is worth noting that this value 
is approximately -1/z the anisotropy value obtained in the 
detergent-saturated lamellar mixture (cf. Figure Id), as expected 
considering the aggregate geometry (see Section IIIA). 

The cylindrical symmetry of the hexagonal phase structure 
justifies deconvolution of the ZH NMR powder-type spectra by 
the de-Pakeing routine. Powder type spectra (Figure 2, center 

-- 
60 30 0 -30 -60 30 15 0 -15 -30 

PPm kHz 

30 15 0 -15 -30 

kHz 
Figure2. 31PNMRspectra (left column), powder-type2H NMR spectra 
(center column), and de-Paked ZH NMR spectra (right column) of a 
liquid-crystalline hexagonal (HI) phase Cl2E8/DMPC-d~-watcr mixture. 
Molar ratio of C12Eg/DMPC-d54, 15:l. Water content 50 wt %. 
Temperatures: (a) 15, (b) 30, (c) 45, and (d) 50 OC. 

column) and deconvoluted spectra (Figure 2, right column) both 
exhibit an axially symmetric line shape. As compared to the 
lamellar phase, however, the cylindrical geometry of the hexagonal 
phase leads to additional motional averaging by rapid diffusion 
about the cylinder axis. The angle between this axis and the 
static magnetic field is again denoted by 0 (cf. eq 3). The 
deconvoluted spectra (Figure 2, right column) correspond to a 
homogeneous orientation of the cylinder axis at 0 = 0". Likewise, 
using eq 3 the quadrupolar splittings (cf. Table 2) obtained from 
the deconvoluted 2H NMR spectra can be transformed into local 
carbon-deuterium order parameters, 

According to IIP NMR spectroscopy, as shown in Figures 1 
and 2, Cl&/DMPC molar ratios ranging from 0.5:l to 1:l and 
from 6:l to 15:l give lamellar and hexagonal phase structures, 
respectively. At intermediate detergent/phospholipid ratios 
(between 1:l and 6:l mol/mol) a two phase region exists in the 
C12Es/DMPC phase diagram where the proportion of the 
hexagonal and lamellar structures is strongly temperature 
dependent. Figure 3 shows 3lP and 2H NMR spectra of a 1.5:l 
mol/mol mixture. The phosphorus NMR spectra in Figure 3 
indicate that this mixture is hexagonal or lamellar at  30 and 50 
"C, respectively, whereas the two phases coexist between these 
temperatures. Thus, it can be concluded that with decreasing 
temperature the repulsive forces in the headgroup region outweigh 
those in the hydrocarbon core of the aggregate which eventually 
leads to a lamellar - HI phase transition (see Discussion). It 
can be seen that de-Pakeing of the 2H NMR spectra in Figure 
3 is not possible due to the ill-defined line shape of the *H NMR 
spectra in the mixed-phase region. The 3lP Au values were 33 
ppm at 50 "C and -21 ppm at 30 "C (Figure 3). 

Figure 4 summarizes the complete order parameter profiles of 
DMPC-dsd at  30 "C in thelamellar and hexagonal phases. Order 
parameter values are shown for both the sn- 1 and sn-2 acyl chains 
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40 20 0 -20 -40 ppm 20 10 0 -10 -20 kHz 

Figure 3. Temperature dependence of NMR (left column) and 2H 
NMR spectra (right column) of a liquid-crystalline mixture of ClzEs and 
DMPC-ds4 at a molar ratio of 1.5:l. Temperatures: (a) 50, (b) 40, and 
(c) 30 OC. The superposition of lamellar and hexagonal (HI) phase line 
shapes corresponds to the phase separation occurring in the temperature 
region between 30 and 45 OC. 

1 1 1 1  I ~ l ~ l ' I  I l l  I I ' I I I ' I I  I I l l 1 1  

a) -- b) - 
0.20 - _ _  - 

1.11 

2 4 6 8 1 0 1 2 1 4  2 4 6 8 1 0 1 2 1 4  

carbon segment (i) 
Figure 4. Complete ZH NMR ordering profiles of the sn-1 and sn-2 
DMPC-ds4 acyl chains: (a) in lamellar and (b) in hexagonal (HI) liquid- 
crystalline mixtures with Cl2Eg. The molar ratios of C12Es/DMPC-d54 
are shown in the inserts. For comparison the ordering profile of pure 
DMPC-dsd is also included in (a). Temperature 30 'C. 

of the phospholipid. For comparison, the order parameter profiles 
of pure DMPC-& are included in Figure 4a. The assignments 
of the observed quadrupolar splittings to individual methylene 
segments were made by assuming that S& decreases mono- 
tonically with increasing distance of the segments from the 
hydrophobic/hydrophilic interface, in agreement with what is 
known about the pure phospholipid L, phase.18y20 In the L, phase 
the only exception from this rule is the a-methylene deuterons 
of the sn-2 fatty acyl chain. The quadrupole splittings of these 
deuterons are reduced due to the average orientation of the initial 
segments more or less parallel to the membrane surface.12 The 
tentative assignment of these deuterons in Figure 4 was confirmed 
using DMPC which had been selectively deuterated in the 
a-position of the fatty acyl chains (DMPC-a,a'-d4). The 
selectively labeled phospholipid was studied both in the lamellar 
and in the hexagonal detergent/phospholipid mixed phases. The 
results shown in Figure 5 suggest that phospholipid molecules in 
the mesomorphic mixed phases assume an average conformation 
which is almost identical to the phospholipid structures in pure 
liquid-crystalline membranes (see Discussion). There are ad- 
ditional common features in the profiles shown in Figures 4a and 
4b. In both phase structures the DMPC acyl chains exhibit an 
order parameter plateau, i.e., a short region with an approximately 
constant order parameter value and the order parameter values 
in both phases decrease monotonically toward the chain ends. 
However, in the hexagonal mixtures the plateau is shifted by 
about three carbons away from the interfacial segments and the 

JL 
- 7 , I / , , ,  , , > > ~ " 7 , ~ 8 ~ ~ ~ l - T T  , , l , , , , , , , ~ , l , , , , , , , ~  

20 10 0 -10 -20 20 10 0 -10 -20 
kHz kHz 

Figure 5. (a) 2H NMR spectra of 1,2-[2'-2H2]dimyristoyl-sn-glycero- 
3-phosphocholine (DMPC-a,a'-d4) in a lamellar (molar ratio detergent/ 
phospholipid 1:l) and (c) in a hexagonal (molar ratio 1O:l) detergent/ 
phospholipid mixture. Water content 50 wt %, temperature 45 OC. The 
corresponding de-Paked spectra are shown in (b) and (d). Note that the 
largest quadrupole splitting which corresponds to thesn- 1 chain is reduced 
by slightly less than a factor -l/2 when going from the lamellar to the 
hexagonal phase. 

0.20 I - : I  - 1 7 ,  I I .  I I * I I 

0.15 - 

- - .- 
-E 0.10 - 

C,,E, / DMPC-d,, mol:mol 
Figure 6. Selected orientational local order parameters ISc#)I of the 
sn-1 chain asa functionof theCl2Es/DMPC-d54molar ratio. Thevertical 
dashed lines indicate the approximate phase boundaries of the pure 
lamellar and hexagonal states, respectively between which phase separation 
occurs. Data are taken from de-Paked spectra (cf. Figures 1 and 2). 
Temperature 45 OC. 

overall slope of the order parameter values is somewhat less than 
in the lamellar mixtures. 

The effect of detergent addition on the DMPC acyl chain 
ordering can be recognized even better when selected segmental 
order parameters are plotted against the C12E*/DMPC-& molar 
ratio. Figure 6 shows ISCD(')I values for the C2, Cp, Cs, Clo, and 
C14 segments over the whole range of C12Es/DMPC ratios at 45 
OC. Note that the order parameters in Figure 6 are for the sn-1 
chain only. The sn-2 chain order parameters show a similar 
behavior. In the lamellar phase, addition of Cl2E8 up to a molar 
ratio of 1:l leads to an abrupt decrease of JS&I at all chain 
positions. A pure hexagonal (HI) phase forms at  C12E8/DMPC 
ratios > 6:l. For the intermediate concentration range (molar 
ratios 1 : 1 to 6: 1) order parameter values could not be obtained 
since lamellar and hexagonal phases coexist and the ZH NMR 
line shape is difficult to evaluate (see Figure 3). In the HI phase, 
the segmental order parameters are rather constant over a wide 
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Figure 7. Ratios of segmental order parameters IS&l of DMPC-& in 
mixtures with ClzEs to the pure hydrated liquid-crystalline state ISCD(~- 
(DMPC-ds+)(. The molar ratios of detergent to phospholipid are given 
in the insert panel for (a) lamellar mixtures and (b) hexagonal mixtures. 
Temperature 45 OC. 

range of C&g/DMPC molar ratios indicating that DMPC 
behaves as a dilute solute in the hexagonal detergent/phospholipid 
mixture. Surprisingly, the order parameters for the C2 and C3 
segments of the sn-1 chain are even larger in absolute magnitude 
in the HI phase than in the detergent saturated lamellar mixed 
phase. The same result was obtained with the sn-1 chain of 
selectively deuterium-labeled DMPC (see Figure 5). This finding 
suggests that the interfacial order parameters are indicative of 
the packing constraints and equivalently of the stability of the 
phase structure (see Discussion). 

The DMPC acyl chain ordering in the mixed phases may be 
directly compared with the order parameter profile of DMPC- 
d54 in the pure La reference state. In Figure 7, the ratios of 
corresponding segmental order parameters as obtained in the 
lamellar or hexagonal mixed phases and in the pure DMPC-La 
state, IScD(')(miX)l/lScD(')(DMPC-d5~)1, are plotted against the 
chain segment number of the sn-1 chain. The ratios pertaining 
to the lamellar phase (Figure 7a) decrease monotonically along 
the chains toward the C terminus. Likewise, for individual carbon 
segments a decrease of the order parameter ratios with detergent 
concentration can be seen in the case of the lamellar phase from 
Figure 7a. At the lowest Cl& concentration studied (molar 
ratio 0.5:l) the C2H2 segments close to the interfacial region 
seem to behave more like the pure phospholipid than segments 
further down in the hydrophobic core of the lamellae. The 
hexagonal phase shows a somewhat different profile of the order 
parameter ratios. Here, the ratios rapidly decrease with carbon 
segment number followed by a plateau and finally by a further 
decrease towards a ratio of approximately 0.5. 

From the profiles of the2H NMR order parameters, the average 
projected chain lengths (&hain) of the sn-1 chains have been 
computed at  a number of temperatures using eq 4 (Table 3). For 
brevity, Table 3 shows only the values obtained at  45 O C .  The 
direction along which the chain segments are projected corre- 
sponds to the axis of molecular averaging, Le., roughly speaking 
to the long molecular axis of the phospholipid molecule. In the 
case of the lamellar phase, the mean area per chain (A) was 
calculated using (Sc&)l values from the entire order profile,l9*2l 
and the interfacial area (A) '  was calculated using ~SCD(')~ for the 
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plateau region only according to eqs 5 and 6.22 The latter 
calculation assumes that the fluctuation of the interfacial area 
is statistically independent of the fluctuation of the average chain 
length as noted above, i.e., ( 1 /L)plat 2: 1 / (L)plat. The values of 
(A)' are 12-15% smaller than the values of (A)  obtained when 
using the average chain length (&ai") instead of (kh,) for the 
area calculation. Thus, the interfacial area will be clearly 
overestimated when the mean end-to-end distance obtained from 
the entire order parameter profile enters the calculation (cf. eq 
7). Finally, Table 3 shows the isobaric thermal expansion 
coefficients a11 which are derived from the temperature dependence 
of the average projected chain dimensions in the hexagonal and 
lamellar structures using ISc#)( values from the entire chain (see 
eqs 9-1 1 and discussion in section IIIB). These values have been 
determined in the temperature range 30-50 O C  in the lamellar 
phase and 15-50 OC in the hexagonal phase. 

V. Discussion 
(A) Motivation. Knowledge of the molecular packing and the 

dynamical properties of highly curved liquid-crystalline structures 
such as micelles and hexagonal phases is in a relatively preliminary 
state. In micelles, rapid rotational diffusion leads to an averaging 
of tensorial quantities such as dipolar or quadrupolar interactions. 
This averaging results in isotropic 1H or 2H NMR signals 
corresponding to the trace of the dipolar or quadrupolar tensors 
so that structural information cannot be obtained directly. 
Consequently much work has been invested to obtain such 
information indirectly using N M R  relaxation methods. The so- 
called "two-step model" accounts for the distribution of motional 
frequencies in mi~elles~3~3 in terms of (i) local motions of the 
molecule together with (ii) a contribution from aggregate 
reorientation which depends on the residual interaction strength 
squared, viz., the mean-squared amplitude of the dipolar or 
quadrupolar interactions and the rate of the stochastic rotational 
diffusion. With knowledge of the aggregate dimensions and the 
lateral self-diffusion coefficient of the molecules, the order 
parameters can be estimated for amphiphiles in a wide variety 
of aggregates as demonstrated in theoriginal studies of Sijderman, 
Wennerstrom, and coworker~ .~~3~36 A profileof individual C-2H 
order parameters, however, which can be obtained directly in 
liquid-crystalline structures of lower symmetry is not available 
in the case of spherical or ellipsoidal micelles. Intramicellar chain 
packing and chain dynamics certainly govern the shape and 
aggregation number of micelles, at  least in dilute solution. Global 
properties of micelles such as the micellar shape and the average 
micelle size have been extensively studied. Thus for micelles of 
the nonionic detergent C12E8 aggregation numbers of 100 and 
120 have been estimated by light ~cattering3~ and neutron 
~cattering,3~ respectively. The shape of the micelle, however, is 
less well defined. Noting that the aggregation number of ClzEs 
micelles is too large for a spherical micelle, some authors have 
assumed a disklike (oblate) shape,39va whereas others suggest 
that the continuity with structures forming at  high concentration 
would be better reflected by an elongated (prolate) micelle.41 

The packing of phospholipids in mixed detergent/phospholipid 
micelles, which is of particular interest for membrane biochem- 
istry, has been studied mostly in a more phenomenological way 
rather than on the level of molecular dynamics and molecular 
~ r d e r . ~ ~ , ~ ~  A related problem, the packing of detergent molecules 
surrounding solubilized membrane proteins is even more de- 
manding.l," Thus, detailed information on the chain packing in 
mixed micelles is desirable for an understanding of micellar 
solubilization of lipids and membrane proteins. In the present 
paper, we have studied the solubilization of phospholipids over 
a wide range of detergent/phospholipid ratios using liquid- 
crystalline mixtures at  low water concentration as a model. This 
approach provides structural information both in the lamellar 
and in the hexagonal (HI) state of the mixed detergent/ 
phospholipid system. 
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TABLE 1: Summary of Quadrupolar Splittings, lAv&)=Oo)), of Mixtures of C& and DMPC-d% (50 wt % HzO) in the 
Liquid-Crystalline Lamellar (L,) Phase 

Thurmond et al. 

lAvQ(6=0°)p/kHz carbon assignment 
for acyl chain 

sn- 1 sn-2 0.51 (30) 0 3 1  (45) 0.6:l (30) 0.6:l (45) 0.8:l (30) 0.8:l (45) 1:l (30) 1:l (45) 

Cl2Es/DMPC-d54, mo1:mol (T/"C) 

] 44.2 

41.0 

} 38.8 

34.8 

} 44.9 

41.4 
39.6 
35.2 

} 32.3 

27.9 

) 42.0 

} 36.7 

] 37.9 

33.9 
} 32.0 

27.7 

] 40.9 

} 37.9 

} 33.7 

39.7 

] 35.9 

32.4 

} 30.2 

26.2 

) 39.0 

} 36.1 

} 31.7 

) 35.3 

} 30.3 

} 25.1 
.. 

ClO } 31.9 25.7 } 33.4 }25.5 } 31.2 } 23.6 } 29.1 } 22.9 CII 
CII C2b 28.1 21.7 30.4 21.6 27.6 20.6 25.5 19.7 

c12 25.9 19.9 28.2 20.2 25.3 18.8 23.9 18.1 
c12 23.8 18.4 25.5 18.6 23.3 17.4 21.7 16.6 

cl3, Czb 20.9 15.7 22.5 15.7 20.1 14.8 18.6 14.2 
cl3 17.8 13.6 19.1 13.6 17.1 12.7 16.0 11.9 
c14 c14 5.03 3.74 5.39 3.93 4.86 3.57 4.56 3.49 

24.7 

Quadrupolar splitting corresponding to 0 = 0" orientation of motional symmetry axis, viz. the bilayer normal, with respect to static magnetic field 
obtained by de-Pakeing 2H NMR spectra. Inequivalent C2 deuterons of the sn-2-acyl chain. 

TABLE 2 Summary of Quadrupolar Splittings, IAv&kOo)I, of Mixtures of C& and DMPC-~M (50 wt % HzO) in the 
Liquid-Crystalline Hexagonal (HI) Phase 

carbon assignment lAv~(B=O")p/kHz 

sn- 1 sn-2 6:l (15) 6:l (30) 6:l (45) 1O:l (15) 1O:l (30) 1O:l (45) 15:l (15) 15:l (30) 15:l (45) 

for acyl chain C12Es/DMPC-d54, mo1:mol (T/OC) 

c2 22.9 22.2 21.4 22.6 21.7 20.9 
19.6 18.2 21.0 19.4 18.8 

17.4 
16.4 

16'2 15.7 } 15.3 ] 16.7 } 15.0 }13.8 

12.8 
11.8 

c4 c4 

} 14.9 

13*7 }12.5 } 14'0 } 11.9 }10.7 12.7 
13.6 11.9 14.5 12.5 11.3 12.7 11.0 9.58 

14.5 12.2 10.6 13.0 10.4 10.3 11.6 9.88 8.70 

c7 
c7 c s  
c s  

c9 
c9 

ClO 
ClO CII 
CII C2b 

Cl2 13.2 11.2 9.85 11.6 9.19 9.32 9.68 8.31 7.37 
c12 11.3 9.54 8.43 11.1 8.78 7.82 8.1 1 6.88 5.90 

el39 Czb 9.46 7.96 6.77 9.36 7.28 6.43 7.13 6.09 5.26 
c13 8.12 6.86 5.91 8.10 6.35 5.61 6.09 5.16 4.42 
c14 cl4 2.29 1.97 1.58 2.09 1.63 1.54 1.82 1.52 1.38 

} 18.9 } 17.3 } 18.1 } 16.9 } 19.3 } 17.5 

116.6 } 15.0 } 19.0 

} 13.1 14.4 
13.5 

120.8 c3 c3 ] 20.8 19.9 

C S c 6  C S c 6  

] 15.5 
18'8 } 15.6 } 14.0 

} 14.4 } 13.0 ] 15.5 

I 

a Quadrupolar splittings corresponding to 6=Oo orientation of motional symmetry axis, i.e., the cylinder axis, with respect to static magnetic field 
obtained by de-Pakeing 2H NMR spectra. Inequivalent C2 deuterws of the sn-2-acyl chain. 

TABLE 3: Average Length ( L ) ,  Area (A),  Interfacial Area 
(A)', and Thermal Expansion Coefficient a of the s ~ 1  Chain 
of DMPC-da in C&/DMPC-da Liquid-drystalline 
Mixtures (Water Content 50 wt %) 

mol:mol(45 "C) phase ( L ) O / A  (A)b/A2 (A)'/@ q e / l O - 3  K-1 
Cl2Es/DMPC-d54 

0.5 La 10.0 39.2 33.1' -2.29 
0.6 La 9.96 39.4 34.5' -2.36f 
0.8 La 9.88 39.7 35.W -2.11f 
1 .o La 9.81 40.0 35.lC -1.88, 
6 HI 9.85 
10 HI 9.81 
15 HI 9.69 

-1.3W 
44.8d -1.278 

-1 .OS8 

a Calculated according to eq 4. Calculated according to ( A )  = Vchpm/ 
(&hain) with vchsin WH,VCH, + VCH~, where VCH~ EJ ~VCH,  and VCH~ 
= 28.0.&3.77 Calculated according toeqs 5 and6. Calculatedaccording 
to eqs 5 and 8b, taking (L2) instead of (4ht). e Calculated according 
to eq 11, involving the entire acyl chain length (&hin). IDetermined in 
the temperature range 30-50 O C .  Determined in the temperature range 
15-50 "C. 

(B)  What Is Known of Phase Behavior of Oxyethylene 
Detergents? Phase structures occurring in oxyethylene detergents 
have been extensively studied in earlier research by Tiddy and 

co-workers.30 General rules were developed for the phase behavior 
and phase transitions in the aggregated states of these amphiphiles 
considering factors such as intermicellar forces and geometrical 
constraints. These rules have been tested using a large series of 
oxyethylene detergents with different oxyethylene and alkyl chain 
lengths. I t  turns out that rather stable HI phases are formed by 
compounds with C12 and c16 alkyl chains (CIZEB, C I ~ E S ,  and 
C16E10). Among thesecompounds, ClzEg has a particularly simple 
phase diagram and  exhibits only very small regions of phase 
structuresother than HI, i.e., cubic and lamellar phases.29.30Hence 
Cl2Eg was chosen for the study of conformational properties and  
dynamics of phospholipids in a normal hexagonal (HI) phase 
environment. 

A complete ternary phase diagram of the system ClzEg/ 
DMPC/H20 is not available at  present. However, the phase 
diagram of a related system, Triton X-lOO/soya lecithin/HzO 
has been determined by 2H NMR and polarizing micr0scopy.~5 
The phase behavior of pure Triton X- 100/water mixtures is quite 
similar to the CI2Es/water system, Le., it shows an extended HI 
phase region around 50 wt % water and a minor lamellar phase 
at  approximately 70 wt % water.46 In the ternary Triton X- 100/ 
lecithin/water system a hexagonal mixture exists at  low lecithin 
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content. There is also an extended lamellar phase a t  higher lecithin 
concentration, similar to the ClzEs/DMPC/water mixture. No 
indication of a HII phase transition is found. 

It is noteworthy that the phosphorus-31 N M R  line shape and 
the reduction of the deuterium N M R  quadrupole splittings alone 
cannot discriminate between the topologically different HI and 
HII phase structures. However, the behavior of the hexagonal 
DMPC/C~zEs/water mixtures upon changing the DMPCor water 
content clearly shows that the system adopts the HI rather than 
the HII phase structure. First, the quadrupole splittings and the 
31P N M R  line shape (Figures 2 and 6, Table 2) of the DMPC-ds4 
component in the hexagonal (HI) detergent host phase are almost 
independent of the phospholipid concentration. Thus, the 
detergent C1& which forms by itself a HI p h a ~ e ~ ~ 9 ~ 0  determines 
the phase structure over the whole range of DMPC mol ratios 
shown in Figure 4b. Further, the addition of excess water to the 
mixed hexagonal samples immediately leads to the formation of 
a spectroscopically isotropic phase which most probably consists 
of mixed micelles. It has been pointed out recently that upon 
dilution HI structures usually break up into micelles whereas HII 
structures may coexist with an excess aqueous phase.47 

(C) Statistical Properties of Molecules in Relation to Aggregate 
Geometry. An estimate of the spatial requirement of the alkyl 
and acyl chains within the hexagonal structure can be obtained 
on the basis of eq 4. Assuming a cylindrical shape, Le., a circular 
cross section of the HI structure, the maximum cylinder radius 
is determined by the fully extended chains. Considering first the 
detergent alkyl chain (methylene residues only) a limiting radius 
of 14.4 A is obtained by substituting n = 12, SC#) = - I /z  and 
S&) = into eq 4, in agreement with earlier X-ray work on 
potassium l a ~ r a t e . ~ ~  The average end-to-end length of the whole 
DMPCsn- 1 chain as obtained from the order parameter gradient 
in the HI phase ((,&in); see Table 3) is shorter than this by 
approximately 4.6 A. It is also noteworthy that the DMPC acyl 
chain length is similar to the chain length of pure perdeuterated 
potassium laurate in the HI phase at  50 OC (9.1 obtained 
by 2H NMR using eq 4 (cf. Table 3). This suggests that the 
DMPC acylchain is somewhat more disordered in the HI structure 
than the alkyl chains of the surrounding host detergent. The 
complementary ordering profiles of the detergent chains would 
of course be needed to substantiate this assumption. In any case, 
the data in Table 3 seem to indicate that the phospholipid 
hydrophobic dimensions are compatible with the geometry of the 
unperturbed detergent host phase. 

A detailed analysis of the segmental chain order parameters 
over a wide concentration range is necessary in order to appreciate 
the packing constraints which eventually result in the lamellar - hexagonal transition. Considering the almost linear change 
of segmental order parameters in the lamellar phase with 
increasing detergent/phospholipid ratio (Figure 6) one may 
naively expect to obtain the corresponding values in the HI state 
by extrapolation. According to the data summarized in Figure 
6, however, the segmental ordering barely changes (for Cs to 
C14) or becomes even larger (for C2, C3, and C4; the latter not 
shown in Figure 6) after crossing the two-phase region as indicated 
by the dashed lines in Figure 6. In the hexagonal phase the order 
parameters decrease only slightly over a wide range of detergent/ 
phospholipid compositions, in sharpcontrast to thelamellar mixed 
phase. 

(D) Interpretation in Terms of Average Molecular Sbape. The 
above results may be rationalized in terms of the molecular shape 
concept developed by Israelachvili et a1.49.50 The conditions for 
the stability of phase structures such as micelles, hexagonal, or 
bilayer phases have been specified on the basis of geometrical 
considerations. The model uses a critical packing parameter which 
defines the limiting conditions for the stability of the aggregated 
state. Using the notation of Israelachvili et al., the packing 
constraint for the HI phase is given by 1/3 < VIA& < ’12 and 
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detergent headgroup 

Figure 8. Schematic representation of the geometric restraints in a 
lamellar ClzEs/DMPC mixture. The average dimensions of the phos- 
pholipid molecule correspond to the total chain volume and to the acyl 
chain length and interfacial area in Table 3. The total height of the 
molecule including the glycerol backbone and headgroup conform to the 
interpretation of X-ray and neutron scattering data.’6 The area of the 
smaller base of the ClzEs truncated cone (geometrically a frustum) is 
half the size of the phospholipid base. The height of the ClzEs molecule 
is chosen arbitrarily in order to illustrate the headgroup repulsion. 

for a lamellar (La) phase by I / *  < V/A& < 1 where V, Ao, and 
Lc are the volume, the interfacial area, and the criticial length 
of the hydrophobic chain of the amphiphile monomers, respec- 
tively. The authors assume that there is an optimal interfacial 
area A0 which is different for the various aggregates and 
determines the free energy per monomer. The chain length & 
is somewhat loosely defined as the cutoff length beyond which 
the chains cannot stretch. This limiting chain dimension can be 
assumed to be the same order of magnitude or somewhat less 
than the all-trans length of the hydrocarbon chaim49 Israelach- 
vili’s simple geometrical approach seems justified since the 
hydrocarbon core of the liquid-crystalline structure can be 
considered to a good approximation as an almost incompressible 
fluid, or equivalently, because of the absence of voids between 
the hydrocarbon 

The fully hydrated ClzEs molecule obviously meets the 
conditions for the HI phase due to its bulky oxyethylene chain 
which governs the interfacial area. Thus, the C&S molecule 
may assume a turnip-like average shape (Le., a right circular 
cone or wedgelike average shape) which would be consistent with 
the extended HI region in its phase diagram. This idea is in full 
agreement with available phase diagrams for pure oxyethylene 
detergents. It can be concluded from the series of compounds 
studied by Mitchell et al.30 that the relative size of the nonpolar 
alkyl and polar oxyethylene chains determines whether hexagonal 
or lamellar structures predominate in the respective phase 
diagrams. In the series of Cl2 detergents, going from C12E3 to 
ClzEs, a HI phase first appears in C12E5, assuming a similar size 
as the lamellar phase region in C12ES and becoming predominant 
in C12Es. Similarly, in the c16 series no HI structure appears in 
C16E4, roughly equivalent HI and lamellar phases are found in 
C16E8, and an extended HI but only a minor lamellar phase region 
exists in C16EIZ.3° 

Hence, a simple visualization of the mixed phase packing can 
be obtained by considering the average molecular shape of DMPC 
and C&S as a truncated cone and an inverted truncated cone, 
respectively.11-*2 A sketch showing these packing relations for 
the lamellar phase is presented in Figure 8. This extremely 
simplifying geometric picture can, nevertheless, lead to a 
rationalization of observed properties such as phase behavior, 
chain ordering, and chain cross-sectional areas and thermal 
expansion coefficients derived therefrom. The detergents alone 
may form lamellar or hexagonal mesophases depending on the 
balance of the hydrophilic and hydrophobic moieties. At low 
hydration the lamellar state tends to be most stable.30 Full 
hydration of the bulky oxyethylene structure of the detergent 
causes repulsive forces across the head groups which favors a 
transition into the HI structure with a positively curved interface. 
Adding a bilayer-forming phospholipid like DMPC to the fully 
hydrated oxyethylene detergent results in the separation of the 
detergent head groups and a t  the same time in the stabilization 



980 

of a lamellar phase. I t  can be assumed that there is a pivotal 
point or neutral plane around which the molecules turn on average 
(bending moment) when responding to the opposing forces in the 
hydrophilic and hydrophobic parts of the structures. This pivotal 
position is not necessarily the aqueous interface. Rather, the 
changes in orientational order in Figure 6 suggest that the pivotal 
point is positioned deeper into the hydrocarbon core of the 
structure. The increase of IscD(')I in the HI phase for i = 2-4  
relative to the lamellar phase may be taken to indicate that the 
neutral plane is approximately at  the level of C5 or beyond of the 
DMPC-sn-1 chain. It should be noted, however, that defining 
a sharp boundary within the liquid-crystalline structure where 
the molecular interaction abruptly changes may be inappropriate. 
The importance of transverse molecular fluctuations has been 
recently demonstrated by Wiener and White52 who have shown 
that the average structure of dioleoylphosphatidylcholine bilayer 
membranes is influenced to a large extent by transbilayer thermal 
motions. Thus, it may be important to take both lateral and 
transverse lipid distributions into consideration when describing 
structural transitions in mixed liquid-crystalline amphiphile 
systems on the basis of average molecular properties of the 
components. 

The rapidly decreasing acyl chain order of DMPC with 
detergent concentration in the L, state (see Figure 6 )  can also 
be easily explained on the basis of the simple shape concept. 
Upon detergent addition to a phospholipid bilayer the average 
shape of the detergent (a "wedge" or an "inverted cone"; see 
Figure 8) causes the phospholipid molecules to change from a 
cylindrical to a more conelike average shape (Figure 8) which 
leads to progressive acyl chain disordering. Concomitantly, the 
average chain length (&ai,,) decreases somewhat (Table 3). 
Headgroup repulsion among the detergent molecules may also 
account for the changes of the phospholipid interfacial area. In 
Table 3 the average area per acyl chain has been derived from 
the entire chain order profile ( ( A ) )  or, alternatively, from the 
plateau values of the I S ~ D ( ' ~ I  gradient only ( (A) ' )  according to eq 
5. The latter evaluation accounts for the fact that the mean 
end-to-end distante (Lchain) as obtained for the entire chain is 
shorter than the half-bilayer thickness ( t )  as noted in section 
IIIB.53 The assumption of statistically independent area and 
length fluctuations (i.e., ( l/Lplat) 2: 1/(Lplat), see eqs 6 and 7) 
inherent in this calculation has also been discussed in section 
IIIB. In the hexagonal phase ( & a d  again decreases to some 
extent with increasing proportion of the detergent (Table 3). The 
order profiles for the H~phaseand thedetergent saturated lamellar 
phase indicate that the mean projected chain lengths are not 
greatly different in the two cases. As a consequence of the 
differences in geometry, the interfacial area is greater in the HI 
phase. Here, the calculated chain dimension ( Lchain) as obtained 
from 2H N M R  is probably substantially smaller than the radius 
( t )  of the cylindrical aggregate. Hence, the calculation of an 
interfacial area according to ( A )  = 2V/(Lchain) almost certainly 
yields an overestimate. Moreover, introducing (L2) instead of 
(Lchain) into the calculation of the average interfacial area (A) '  
may be inaccurate as it cannot be assumed that area and length 
fluctuations are statistically independent as noted in section IIIB, 
i.e., the approximation 1/ (L2) = (1/L2) is not justified. A way 
around this difficulty can be obtained by considering experimental 
results from small-angle neutron and X-ray scattering. It has 
been shown by scattering  technique^,^^ that the cylinder half- 
thickness ( t )  - & with & being the all-trans length of the chains. 
Consideration of the cylindrical geometry leads to the conclusion 
that the interfacial area is related to the all-trans length per 
methylene 10 (cf. eq 8b) and is independent of the number of acyl 
carbons. Assuming that ( 1 / L2) = 2 / 1 0  an average cross-sectional 
area (A)'  of 44.8 A2 is found which corresponds to the area per 
chain as obtained by X-ray analysi~.~8*54 

The temperature-dependent hexagonal - lamellar transition 
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shown in Figure 3 (detergent/phospholipid ratio 1.5: 1 mol/mol) 
also fits into the average shape concept. The thermally induced 
acyl chain disordering favors a spontaneous conelike shape of the 
phospholipid molecules which translates into increasing lateral 
pressure within the hydrophobic core, as depicted in Figure 8 
and, finally, yields the hexagonal + lamellar transition when the 
force imbalance becomes sufficiently large (see Figure 3). A 
decrease in headgroup repulsion due to less hydration of the 
oxyethlene chains may also contribute to the phase transition. It 
is important to note that the inverse relationship exists with 
transitions involving the HII phases which are more stable a t  high 
rather than at  low temperatures." The molecular shape concept 
basically lends itself for a qualitative consideration of the 
intermolecular forces involved in macroscopic phase changes. As 
an alternative, phase stability and phase transitions of lipid 
aggregates can be described in terms of the elastic free energy 
of curvature of the particular  structure^.^^-^^ Thus, it may be 
noted that the transitions shown in Figure 3 proceed from a 
structure with positive curvature (the HI phase) to one having no 
curvature (the lamellar phase) in analogy to the transitions from 
the L, to HII phase typically observed in unsaturated phosphati- 
dylethanolamine with increasing temperature. In the latter case, 
the curvature changes from zero (the L, phase) to negative (the 
HII phase).58 In summary, it can be concluded that the molecular 
behavior as seen by N M R  spectroscopy reflects the auerage 
properties of the phase rather than local interactions. 

(E) Further Comments on Order Parameters of Mixed De- 
tergent/Phcwpholipid Aggregates. Recently, the complete or- 
dering profile of the perdeuterated oxyethylene detergent C12E4 
in the lamellar state has been determined.59 Although the 
oxyethylene moiety of this compound is considerably shorter, its 
alkyl chain ordering may be basically similar to the profile 
pertaining to the lamellar liquid-crystalline phase of C&& The 
quadrupolar splittings of deuterated ClzE4 show a maximum close 
to the interfacial region and decrease monotonically towards both 
the hydrophilic and hydrophobic chain ends. The maximum 
quadrupole splitting yields a rather low C-2H order parameter 
ISc#)l of approximately 0.10 a t  25 O C .  This value may be 
compared with the order parameters obtained for the C2 segment 
of the sn-1 chain of DMPC in the mixed phases at  30 "C which 
are significantly larger in absolute magnitude (0.15 and 0.18 for 
the initial segments of the lamellar and hexagonal structures 
respectively; see Figure 4). Thus, it may not be justified to assume 
that the DMPC order parameters reflect the ordering of the 
corresponding chain segments in the pure detergent. In the 
lamellar state, this may only be the case at  infinite dilution of the 
phospholipid in a detergent host phase. The DMPC order 
parameters in the mixed lamellar phase could be the average of 
theorderparametersofpureDMPCandpureClzE8in thelamellar 
state, so that the observed ISCD'"] values would fall in between 
these limits. 

Unfortunately, a complete order parameter profile for an 
oxyethylene detergent in the hexagonal HI phase has not been 
published as yet. It is however conceivable that a pure single- 
chain amphiphile undergoing a L, - HI phase transition would 
exhibit an upward shift of the entire order parameter gradient 
due to the packing constraints within the HI structure. A small 
increase in IsCD(')I for all chain positions on going from the L, to 
the HI phase has been observed recently for potassium laurate- 
& . I *  This is in accordance with the present finding that the 
order parameters of the interfacial segments of DMPC in the 
mixed aggregates increase upon transition into the hexagonal 
phase (Figure 6 ) .  

Apart from the discontinuity encountered at  the phase 
transition, a general change of the acyl chain ordering may be 
expected to result from variation of the DMPC concentration in 
the mixed phase aggregates. Considering thediscrepancy between 
the chain ordering of the pure oxyethylene detergent59 and the 
phospholipid chain ordering obtained in the mixed lamellar phase 
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as mentioned above, it can be expected that dilution of the 
phospholipid component in the mixed phase will result in an overall 
order parameter decrease. This is found to be the case in the L, 
phase in which the detergent and phospholipid concentrations 
are similar. In the HI phase, however, the segmental order 
parameters are rather invariant over the range of concentrations 
studied, since the phospholipid as the dilute component of the 
binary mixture contributes much less to the observed average 
order parameters. 

Further evaluation of the temperature dependence of the 2H 
NMR order parameters according to eqs 9-11 reveals the 
additional motional restrictions of the lipid acyl chains in the 
mixed HI phase. The thermal expansion coefficient LYH for the 
average acyl chain length is significantly lower in the HI phase 
than in the L, phase (Table 3) which reflects the geometrical 
restraints imposed by the detergent host onto the phospholipid 
molecules. An analogous difference in the thermal behavior in 
the L, and HI states has been recently observed for sodium 
laurate.11 As discussed above, the cylinder radius of the HI 
structures as defined by X-ray and neutron scattering experiments 
roughly corresponds to the all-trans chain length of the monomers. 
Thus, it can be expected that the temperature dependence of the 
2H NMR derived average chain length is smaller in the cylindrical 
than in the lamellar aggregate. 

It is noteworthy that the conformational features leading to 
the well known inequivalence of the sn-1 and sn-2 chains in 
saturated p h o s p h 0 1 i p i d s ~ ~ J ~ J ~ ~ ~ ~  in the L, phase obviously also 
persist in the mixed HI phase. This inequivalence, which is a 
consequence of the inherent asymmetry of the phospholipid 
molecule61 is reflected by the different quadrupolar splittings of 
the a-CzH2 groups of the sn-1 and sn-2 chains, respectively. 
Moreover, different splittings can be observed for corresponding 
C2H2 groups further down the acyl chains (positions C7-Cl3; see 
Figure 4). In the lamellar phase, there are two different 
quadrupolar splittings for the individual a-C2H2 deuterons of 
the sn-2 chain which is due to the chiral center at  the sn-2 position 
of the glycerol backbone.6) In the deconvoluted 2H N M R  spectra 
of the hexagonal C12E8/DMPC-d54 mixture, Le., having the acyl 
chains of the phospholipid perdeuterated, it is difficult to make 
an unambiguous assignment of these deuterons due to signal 
overlap. Separate 2H N M R  signals from the C2 position of the 
sn-2 chain are, however, observed with a phospholipid selectively 
deuterated in the C2 positions of both chains (Figure 5). On the 
basis of a comparison with the lamellar phase of pure phospho- 
lipids,”J it can be concluded that the glycerol backbone of the 
phospholipid molecule has an average position perpendicular to 
the surface of the liquid-crystalline cylinder, which results in a 
gauche conformation about the C2/C3 bond of the sn-2 chain. 
This is in line with earlier findings by Roberts et al.Is in mixed 
micellar systems which have revealed a pronounced chemical 
shift nonequivalence of the a-methylene protons of the lipid acyl 
chains. Thus, the sn-2 chain of phosphatidylcholines seems to 
adopt a bent conformation irrespectiveof the particular aggregate 
structure. 

The slightly decreasing effective 31P N M R  chemical shift 
anisotropy in the lamellar phase with increasing amounts of 
detergent (Figure 1) could be due to a minor change in the average 
orientation of the phosphatidylcholine headgroup dipole. Al- 
ternatively, it may reflect a general increase in motional freedom 
of the interfacial lipid segments upon detergent addition. 
Unfortunately, the interpretation of wide-line 31P N M R  results 
is not as straightforward as the evaluation of deuterium qua- 
drupolar splittings due to the nonaxially symmetric phosphorus 
chemical shift tensor.17 Selective 2H labeling of the glycerol sn- 1 
carbon and of the choline segments would be necessary for 
unequivocal discrimination between these possibilities. The 
concentration-independent value of the residual chemical shift 
anisotropy Au in the hexagonal phase of approximately -19 ppm 
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indeed suggests that the bulky detergent head groups have little 
further effect on the phospholipid head group conformation.62 

(F) Implications for Statistical Mechanical Treatments of 
Amphiphilic Aggregates. Statistical mechanical models based 
on explicit consideration of internal chain energy and chain- 
chain interactions such as hard core repulsion and dispersidn 
forces have been rather successful in describing the deuterium 
order parameter profiles and phase transitions observed in liquid- 
crystalline b i la~ers .6~“~ However, the transition from a bilayer 
state to a hexagonal HI structure in a detergent-saturated 
phospholipid bilayer has not been considered in the framework 
of these theories. More importantly, the chain packing within 
mixed micellar or hexagonal structures has not been given an 
adequate theoretical treatment. For example, these curved 
structures have been treated using different models which do not 
take explicitely account of intermolecular forces. In the lattice 
model introduced by Dill and F l ~ r f ~ . ~ ~  chain elements are 
distributed over equally spaced lattice sites. This approach 
produces quite unrealistic chain conformations since the volume 
of the lattice elements is approximately 3.6 times larger than the 
volume of a methylene group. Also, a class of chain conformations 
pertinent to back bending or “hairpin formation” was excluded 
from the model. Thus, it is not surprising that this approach in 
its original version fails to reproduce the order parameter profile 
in the cylinder structure correctly, predicting increasing rather 
than decreasing order with depth into the hydrophobic core of 
the cylinder. 

who 
performed conformational energy calculations on a single am- 
phiphile in different phase structures. The basic assumption in 
Gruen’s model is a constant average density of the hydrophobic 
core. Calculated properties of the hexagonal phase such as order 
parameter profiles and the spatial distribution of the terminal 
methyl groups were found to be in agreement with experimental 
results obtained by 2H NMR71 and neutron ~cattering.~2 A 
variable tilt of the first chain segments was introduced leading 
toadditionalconformational space. Due to the rather unrestricted 
chain motions this model easily explains the packing of chains 
of very different size into a hydrophobic micellar core. Thus, 
satisfactory results were obtained when comparing experimental 
and model C-ZH order parameters of the sodium octanoate- 
decanol-water system in the lamellar and hexagonal state.’O It 
can be surmised that the solubilization of phospholipids with acyl 
chains which are considerably longer than the chains of the 
“solubilizing” detergent can be modeled in a similar way. It is 
also interesting to note that Gruen’s model predicts a free energy 
minimum for the different phase structures (neglecting contri- 
butions from head group interactions and hydration) at  roughly 
the same average volume weighted area per chain. In Gruen’s 
model this area is defined as the volume weighted average (A)v 
over the whole radius of the cylindrical aggregate: 

More realistic results were obtained by 

with N being the aggregation number, Vcyl the cylinder volume, 
r the distance from the center of the cylindrical structure, and 
( t )  the average radius of the cylinder. Integration then yields 
N (  A )  v = 4 Vcy1/3 ( t )  and, dividing by the aggregation number N, 
( A ) , =  4Vchain/3(t), where Vchainrepresentsthevolumeper chain. 
Thus, the volume weighted average area for the cylindrical 
structure is smaller than the interfacial area given in terms of eq 
8b with (1/L2) = 2/10, Le., ( A ) “  = 2/3(A)’ = 29.9 A2. An 
analogous calculation for the lamellar phase leads to ( A ) “  = 
Vchain/(f) ,  and assuming that ( A ) ” =  (A)’ ,  one obtains a value 
of 33.1 A2 (C12Es/DMPC-d54 molar ratio of 0.5 at  45 OC; cf. 
Table 3) which is similar to the above value for the HI phase. 

(G) Other Hexagonal Phases. The present results may also 
be compared with recent studies of lipid order in the inverse 
hexagonal HII ~ t r u c t u r e . l I ~ ~ 3 . ~ ~  Lipids which form HII phases at  
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elevated temperatures (e.g., phosphatidylethanolamines) facilitate 
a direct comparison of chain ordering in the lamellar and 
hexagonal HII phase, as a slight change in temperature results 
in a complete structural transformation.11 This is different from 
the situation encountered with the La - HI phase transition 
where the phase structures under consideration are separated by 
a rather wide concentration range within which both phases coexist 
(two phase region). The C I H  order parameters of chain 
perdeuterated phosphatidylethanolamines decrease more smooth- 
ly towards the chain ends in the HII state than in the planar La 
state.Il~~3-~5 More importantly, all quadrupole splittings of the 
deuterated chains in the phosphatidylethanolamine HII structure 
are smaller than expected for the HII symmetry, indicating that 
in this case the pivotal position lies closer to the glycerol or polar 
headgroup region.” By contrast, in the ordering profile which 
we have obtained in the mixed system HI phase, the magnitude 
of the order parameters is similar to the lamellar phase beyond 
C6 (comparing the 1: 1 and the 6:  1 molar ratio mixtures; cf. Figure 
4) and the initial order parameters are actually somewhat larger 
than in the lamellar phase. However, unlike the La and HI[ phases 
of phosphatidylethanolamines an appropriate reference state for 
the HI structure is lacking. 
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VI. Conclusions 

Liquid-crystalline phospholipid/detergent mixtures at  limited 
hydration are useful models for the solubilization of biological 
membranes. Perturbation of the lipid acyl chain ordering due 
to detergent/lipid interaction can easily be studied by 2H N M R  
spectroscopy, which provides a profile of segmental order 
parameters within the aggregate hydrocarbon region. The 
microscopic knowledge from ZH N M R  spectroscopy can be further 
evaluated in terms of equilibrium properties including the average 
chain length and average chain cross sectional areas. Mixing 
different lipid components which individually have a propensity 
for different phase structures (e.g., detergents and phospholipids) 
may result in a mutual adaptation of the chain ordering of the 
components. Thus, the resulting phase behavior and the spec- 
troscopically observed parameters reflect the average properties 
of both components. Addition of the detergent CIZES to a 
phospholipid bilayer leads to decreasing average chain length 
and concomitantly to increasing average area per chain. A phase 
transition eventually occurs as a consequence of the altered chain 
and headgroup packing. The perturbation induced by the 
detergent/phospholipid interaction is basically similar in the 
lamellar and in the hexagonal mixtures at  the level of individual 
C-2Hz segments, as shown by the order parameter profiles and 
the one-dimensional thermal expansion coefficients. However, 
the packing constraints in the HI phase lead to elevated C-2H 
order parameters of the interfacial carbons, and to a rather 
constant chain ordering over a broad range of detergent/ 
phospholipid ratios. Whereas considerable perturbation occurs 
in the acyl chain ordering, detergent/lipid interactions in the 
lamellar and hexagonal mixtures have little influence on the 
conformation of the phospholipid headgroup segments, as shown 
by 31P NMR, and on the conformation near the interfacial region, 
as indicated by 2H N M R  of DMPC selectively deuterated at  the 
C2 segment. Thus, the orientation of the glycerol backbone is 
similar both in the lamellar and in the hexagonal state, which can 
be inferred from the individual quadrupolar splittings. When 
the detergent and phospholipid are at  similar molar ratio, the 
observed phase changes can be rationalized qualitatively in terms 
of the average molecular shape concept. The individual detergent 
and phospholipid molecules may be modeled as truncated cones 
whose major axes are opposite in direction. This simple picture 
suggests that an equimolar mixture of the components yields a 
stable bilayer, whereas a t  higher detergent concentrations the 
mixture tends to form a curved HI structuredue to strong repulsion 
among the hydrated detergent headgroups. This model of course 

remains somewhat speculative until the corresponding order 
profiles of C&8 in the mixed phases are available. Finally, a 
detailed statistical mechanical treatment will be necessary for a 
thorough understanding of all details of chain ordering and 
dynamics, in particular in the case of the dilute components in 
a binary system. 
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