1088 Biophysical Journal Volume 66 April 1994 1088-1103

Studies of the Thermotropic Phase Behavior of Phosphatidylcholines
Containing 2-Alkyl Substituted Fatty Acyl Chains: A New Class of
Phosphatidylcholines Forming Inverted Nonlamellar Phases
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ABSTRACT We have synthesized a number of 1,2-diacyl phosphatidylcholines with hydrophobic substituents adjacent to the
carbonyl group of the fatty acyl chain and studied their thermotropic phase behavior by differential scanning calorimetry, 3'P-
nuclear magnetic resonance spectroscopy, and x-ray diffraction. Our results indicate that the hydrocarbon chain-melting phase
transition temperatures of these lipids are lower than those of the n-saturated diacylphosphatidylcholines of similar chain length.
In the gel phase, the 2-alkyl substituents on the fatty acyl chains seem to inhibit the formation of tightly packed, partially
dehydrated, quasicrystalline bilayers (L. phases), although possibly promoting the formation of chain-interdigitated bilayers. In
the liquid-crystalline state, however, these 2-alkyl substituents destabilize the lamellar phase with respect to one or more inverted
nonlamellar structures. In general, increases in the length, bulk, or rigidity of the alkyl substituent resuit in an increased de-
stabilization of the lamellar gel and liquid-crystalline phases and a greater tendency to form inverted nonlamellar phases, the
nature of which depends upon the size of the 2-alkyl substituent. Unlike normal non-lamella-forming lipids such as the phos-
phatidylethanolamines, increases in the length of the main acyl chain stabilize the lamellar phases and reduce the tendency
to form nonlamellar structures. Our results establish that with a judicious choice of a 2-alkyl substituent and hydrocarbon chain
length, phosphatidylcholines (and probably most other so-called “bilayer-preferring” lipids) can be induced to form a range of
inverted nonlamellar structures at relatively low temperatures. The ability to vary the lamellar/nonlamellar phase preference of
such lipids should be useful in studies of bilayer/nonbilayer phase transitions and of the molecular organization of various
nonlamellar phases. Moreover, because the nonlamellar phases can easily be induced at physiologically relevant temperatures
and hydration levels while avoiding changes in polar headgroup composition, this new class of 2-alkyl-substituted phosphati-
dylcholines should prove valuable in studies of the physiological role of non-lamella-forming lipids in reconstituted lipid-protein

model membranes.

INTRODUCTION

The total membrane lipids of virtually all biological mem-
branes studied to date form lamellar (bilayer) phases when
dispersed in excess water under physiologically relevant con-
ditions (Singer and Nicholson, 1972; McElhaney, 1984,
1989). However, almost all biological membranes contain
nontrivial amounts of at least one lipid component which, in
isolation, forms inverted nonlamellar (cubic or hexagonal)
phases (Cullis et al., 1983; Rilfors et al., 1984; Gruner, 1985).
In fact, in some microorganisms such as Escherichia coli (see
Raetz, 1982 and references cited therein) or Acholeplasma
laidlawii B enriched in particular types of fatty acids (Silvius
et al.,, 1980; Bhakoo et al., 1987, Lewis et al., 1990);
the so-called non-lamella-forming lipids predomimate.
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Moreover, experiments with microorganisms such as Acho-
leplasma laidlawii A (Wieslander et al., 1980, 1981; Rilfors
et al., 1984; Lindblom et al., 1986) and Clostridium butyri-
cum (Johnston and Goldfine, 1985; Goldfine et al., 1987a, b)
indicate that the ratio of non-lamella- forming to bilayer-
forming lipids is biosynthetically regulated so as to maintain
a stable bilayer which nevertheless has some potential to
form nonlamellar phases. Such findings suggest that non-
lamella-forming lipids perform some important function (or
functions) in biological membranes, but, despite consider-
able research effort and speculation, this function (or func-
tions) remains unclear at present (Gruner, 1989).
Currently, there are two general views regarding the po-
tential functions of non-lamella-forming lipids in biological
membranes. One view is that these lipids actually induce the
formation of transient, localized nonlamellar structures in the
membrane under certain conditions. Such suggestions have
been supported by studies of model lipid membranes (Verk-
liej et al., 1979; Ellens et al., 1989; Siegel et al., 1989; Siegel,
19864, b) in which nonlamellar structures have been detected
as possible fusion intermediates and where the presence of
non-lamella-forming lipids seems to be necessary for effi-
cient fusion under physiologically relevant conditions. It
should be noted, however, that nonlamellar lipid structures
are difficult to observe in biological membranes under physi-
ologically relevant conditions. Moreover, the large scale for-
mation of such structures seems unlikely in cell membranes
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such as the plasma membrane, because the presence of any
long lived nonbilayer structures will inevitably compromise
the barrier properties of such membranes. Another view is
that non-lamella-forming lipids impart to the cell membrane
special properties that are essential for normal functioning
(Gruner, 1985, 1989; Hui, 1987, Tate et al., 1991). For ex-
ample, Gruner (1985, 1989) suggested that the curvature
strain imparted by a non-lamella-forming lipid may modulate
the activity of some membrane proteins. This suggestion is
supported by observations of correlations between the bio-
logical activities of reconstituted membrane proteins and
peptides and the content of a non-lamella-preferring lipid in
the membrane (Navarro et al., 1984; Jensen and Schutzback,
1988; Wiedman et al., 1988; Keller et al., 1993). Also, the
presence of lipids capable of forming nonlamellar structures
seems to be essential for the optimal activity of certain
membrane-bound enzymes and transport proteins (for a dis-
cussion, see Hui and Sen, 1989). However, alternative in-
terpretations are possible mainly because it is difficult to
unequivocally assay and demonstrate a fundamental rela-
tionship between membrane protein activity and the phase
preference of lipids.

There have been a number of studies on lamellar/
nonlamellar phase transitions and on the organization of the
lipid molecules in various nonlamellar phases (for reviews,
see Mariani et al., 1988; Lindblom and Rilfors, 1989; Seddon
et al., 1990). Moreover, the molecular properties that pre-
dispose a lipid molecule to form nonlamellar phases (e.g., the
effects of polar headgroup size and hydrocarbon chain length
and volume on lamellar/nonlamellar phase behavior) can be
rationalized by considerations of lipid “shape” (Israelachvilli
et al., 1977, 1980) and/or lipid monolayer spontaneous cur-
vature (Kirk et al., 1984; Gruner et al., 1985; Gruner, 1989).
However, progress in our overall understanding of the mo-
lecular basis of lipid bilayer/non-bilayer phase behavior is
limited by the fact that experimental work in this area of lipid
research has traditionally involved the study of relatively few
lipid species (mainly the diacyl and dialkyl PEs and a few
monoglycosyldiacylglycerols). Studies of such a limited
range of lipid molecules, no matter how detailed, can be
limiting especially when attempts are made to formulate a
broader description of the phenomena observed. For ex-
ample, it is well known that the L,/Hy; phase transition tem-
peratures of aqueous PE dispersions are significantly low-
ered by the introduction of cis-double bonds into the
hydrocarbon chains, presumably because the cis-double
bond increases the cross-sectional area occupied by the hy-
drocarbon chains relative to that of polar headgroup. How-
ever, a recent study of a large number of diacyl PEs dem-
onstrated that for a given effective chain length, the L /Hy
transition temperature occurs at a relatively constant reduced
temperature above that of the Lg/L,, transition, irrespective
of the chemical structure of the acyl chain (Lewis et al.,
1989). Evidently, the presence of a cis-double bond lowers
the L,/Hy; phase transition temperature because it lowers the
Lg/L,, phase transition temperature as well and not because
of a change in the shape of the PE molecule in the relevant
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L, phase. The above discussion provides an example of how
easily one can be misled when attempts are made to develop
general principles on the basis of relatively few observations
on a fairly small range of compounds. Given this, we have
embarked upon a program designed to broaden the base of
our knowledge of both naturally occurring and synthetic non-
lamella-forming lipids by a careful study of the structural
parameters that affect their predisposition to assemble into
nonlamellar phases. We report here on a novel approach that
involves structural modifications that induce the normally
lamella-preferring diacyl PCs to form nonlamellar structures.
In this study we explicitly concentrate on structural modi-
fications of the fatty acyl chains of the lipid molecules to
minimize potential changes in the essential character of head-
group and polar/apolar interfacial regions of the PC bilayer.

MATERIALS AND METHODS

The commercially available reagents used in this study were of at least
analytical grade and were obtained from either Aldrich Chemical Co. (Mil-
waukee, WI) or Sigma Chemical Co. (St. Louis, MO). For those diethyl alkyl
malonates that were not commercially available, their syntheses were
achieved as outlined below for diethyl cyclohexylmethyl malonate. 120
mmols of clean sodium were dissolved in 500 ml of anhydrous ethanol and
100 mmols of diethyl malonate were added. The mixture was then cooled
in an ice bath and 100 mmols of cyclohexylmethyl bromide were slowly
added with stirring. The mixture was next stirred at room temperature for
1 h, during which time the initiation of the reaction was indicated by the slow
precipitation of sodium bromide. The mixture was then slowly warmed and
finally refluxed overnight to ensure completion of the reaction. After cool-
ing, the reaction mixture was quenched by pouring into 1 liter of cold dilute
hydrochloric acid and subsequently extracted with hexane. The organic ex-
tract was then washed twice with water and once with saturated sodium
chloride and then was dried over anhydrous sodium sulfate. After removal
of the solvent by rotary evaporation, the crude diethyl cyclohexylmethyl
malonate was purified by fractional distillation.

The diethyl alkyl malonates were converted to the (dl)-2-alkyl- substi-
tuted fatty acid precursors for the synthesis of the PCs used in this study
using the procedure outlined below for the synthesis of (dl)-2-butyl hexa-
decanoic acid. 25 mmols of diethyl butyl malonate were converted to di-
cthyl-(2-butyl, 2-myristyl)-malonate by reacting it with myristyl bromide
under reaction conditions similar to that described above for the synthesis
of diethyl cyclohexylmethyl malonate. After purification of the di-ethyl-
(2-butyl, 2-myristyl)-malonate by fractional distillation under reduced pres-
sure, it was next converted to the free dicarboxylic acid by refluxing with
2 M sodium hydroxide in 95% ethanol at 75-80°C. After the hydrolysis was
complete, the reaction was quenched by pouring the free dicarboxylic acid
into water that was acidified to pH 2 by the addition of hydrochloric acid
and extracting it with chloroform. The chloroform extract was next washed
with water and concentrated by rotary evaporation and was sufficiently pure
for use without further purification. The free (d!)-2-butyl-hexadecanoic acid
was formed by decarboxylating the 2-butyl, 2-myristyl-malonic acid by
vigorously stirring it in 12 M sulfuric acid at 160°C until the reaction was
complete (usually 1-2 h). After allowing the reaction mixture to cool, the
mixture was carefully poured onto ice, diluted with water, and extracted with
chloroform. The free (dl)-2-butyl-hexadecanoic acid was concentrated by
rotary evaporation of the chloroform extract and purified by silicic acid
chromatography. The (dl)-2-alkyl fatty acids were converted to their re-
spective PCs by the acylation of the cadmium chloride complex of L-a-
glycerophosphorylcholine using the fatty acid anhydrides and 4-pyrrolidino
pyridine as a catalyst as previously described by Patel et al. (1979). How-
ever, with those fatty acids that had very large or very highly branched alkyl
substituents near the carboxyl group, it was necessary to use substantially
larger quantities of the fatty acid (three- to fivefold) and a proportionally
larger quantity of catalyst (two- to threefold) and to add a large excess of
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N, N-dicyclohexyl carbodiimide, because the reaction proceeded very
slowly under the conditions initially described by Patel et al. (1979). The
crude PCs were subsequently purified by the silicic acid chromatographic
procedures previously used in this laboratory to obtain highly purified
samples (Lewis and McElhaney, 1985).

The DSC measurements were performed with a Perkin Elmer (Norwalk,
CT) DSC-2C scanning calorimeter equipped with a thermal analysis data
station. The samples were prepared by introducing 3—4 mg of the dry lipid
into a stainless steel, large volume capsule and adding 50 pl of distilled
water. The capsule was subsequently sealed, and hydration of the sample
was achieved by repeated heating and cooling of the sample between 95 and
-30°C. Once hydrated, DSC heating and cooling thermograms were re-
corded at 0.31°C/min unless otherwise stated. The data was subsequently
analyzed using TADS software and other computer programs developed in
this laboratory. After the DSC measurements were complete, the sample
capsule was opened and its contents quantified by the lipid phosphorous
assay developed by Raheja et al. (1973). 3'P-NMR spectra were recorded
between 0 and 85°C with a Nicolet (Madison, WI) NT300-WB spectrometer
using standard single pulse, direct excitation techniques and the data ac-
quisition and postprocessing parameters previously reported (Lewis et al.,
1988).

Small and wide angle x-ray diffraction patterns were recorded with the
Princeton (Princeton, NJ) SIV x-ray beam line (Reynolds et al., 1978) or
with a similar beam line in which the SIV vidicon area detector was replaced
with a slow scan CCD camera. Sample preparation and data methodologies
have been described by Lewis et al. (1989). Briefly, dry lipid and deionized
water in a typical weight ratio of 1:1 to 1:2 were mechanically mixed in the
bottom of a 1.5-mm x-ray capillary, which was then sealed with epoxy
cement. The samples were allowed to equilibrate overnight and then were
placed in a computer-controlled, thermoelectricaily driven temperature
stage on the x-ray beamline. The beamline uses point-focus x-ray optics and
a quantum-limited area detector with sufficient efficiency that two-
dimensional diffraction parameters could be acquired with exposures of
5-10 min. A typical data acquisition protocol consists of stepwise ramping
of the temperature of the specimen from -30 to 85°C and back down to
-30°C in 5 or 10°C steps every half-hour. Each half-hour period consists
of a rapid (=1 min) temperature step to the desired temperature followed
by a 20-min incubation period and the acquisition of a diffraction pattern.

RESULTS

There is now a sizable literature on the effects of variations
in acyl chain structure on the thermotropic phase behavior of
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TABLE 1 Chemical structures of the hydrophobic groups
substituted at the 2-position of the fatty acyl chains

Substituent Chemical Structure
Methyl —CH;
Ethyl —CH,—CH;
Propyl —CH,—CH,—CH;
2-Methyl Propyl (iso butyl) —CH,—CH(CH;)—CH;,
Butyl ~-CH,—CH,—CH,—CHj,;
2-Methyl Buty! (sec pentyl) ~—CH,—CH(CH;)—CH,—CH;3
3-Methyl Buty! (iso pentyl) —CH,—CH,—CH(CH;)—CH;3
3,3-Dimethyl Butyl ~—CH,—CH,—C(CH;),—CH;
2-Ethyl Butyl —CH,—CH(C,Hs)—CH,—CH,4
Pentyl —CH,—CH,—CH,—CH,—CHj;
Cyclohexyl Methyl —CH,—CeH,;
Benzyl —CH,—CsH;5

hydrated PC bilayers (see Menger et al., 1988a, b, and re-
views by Silvius, 1982; Lewis and McElhaney, 1992). De-
spite the fairly extensive structural modifications of the fatty
acyl chains described in such studies, the PC molecules stud-
ied to date all form lamellar phases when dispersed in excess
water up to at least 100°C. With most of the PC molecules
studied so far, the structure of the acyl chains have been
modified at either their hydrophobic termini (see Silvius,
1982; Lewis and McElhaney, 1992 and references cited
therein) or in the middle region of the hydrocarbon chain
(e.g., Barton and Gunstone, 1975), and there have been very
few studies of the properties of PC bilayers with acyl chain
modifications near the ester carbonyl moiety (for examples,
see Barton and Gunstone, 1975; Brezesinski et al., 1983,
1987; Nuhn et al., 1986). Given this, we have synthesized a
number of (dl)-2-substituted fatty acids and their corre-
sponding 1,2-diacyl PCs and have characterized their ther-
motropic phase behavior by DSC, x-ray diffraction, and
3P-NMR spectroscopy. In particular, the tendency of these
PC molecules to form nonlamellar phases has been examined
from the perspectives of both the length and structure of the
2-alkyl substituent and the length of the main acyl chain. A

DPPC 2—Methyl 2—Ethyl
B
2 v
<
FIGURE 1 DSC thermograms of DPPC, di-(dl)- -
2-methyl-hexadecanoyl PC, di-(dl)-2-ethyl- 8 . . L , N . . 8 . . . ,
hexadecanoyl PC, (dl)-2-propyl-hexadecanoyl PC, T 10 =20 30 40 60 10 20 30 40 10 20 30 40
di-(dl)-2-butyl-hexadecanoyl PC, and di~(dl)-2- °
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list of the chemical structures of the 2-alkyl substituent
groups used in this study is presented in Table 1.

Effects of substituent length

Figs. 1 and 2 show DSC thermograms and 'P-NMR spectra
illustrating the thermotropic phase behavior of aqueous dis-
persions of DPPC, di-(dl)-2-methyl-hexadecanoyl PC, di-
(dl)-2-ethyl-hexadecanoyl PC, di-(dl)-2-propyl-hexadeca-
noyl PC, di-(dl)-2-butyl-hexadecanoyl PC, and di-(dl)-2-
pentyl-hexadecanoyl PC. As expected from previous studies
(see Lewis et al., 1987 and references cited therein), DPPC
dispersions that have been annealed at low temperatures for
several days exhibit three heating endothermic transitions,
which correspond to the subtransition, pretransition, and
main or gel/liquid-crystalline phase transition in order of in-
creasing temperature, respectively. Upon cooling, the main
phase transition is found to be freely reversible with little or
no hysteresis, the pretransition is observable but exhibits a
modest cooling hysteresis, and the subtransition is not ob-
served, because it is a considerably slower process. Also, as
shown in Fig. 2, DPPC exhibits 3!P-NMR spectra that are
compatible with the existence of lamellar structures over the
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FIGURE 2 Proton decoupled *'P-NMR spectra of (4) DPPC, (B) di-
(d1)-2-methyl-hexadecanoyl PC, (C) di-(d!)-2-ethyl-hexadecanoyl PC, (D)
di-(d!)-2-propyl-hexadecanoyl PC, (E) di-(dl)-2-butyl-hexadecanoyl PC,
and (F) di-(dl)-2-pentyl-hexadecanoyl PC. The spectra were obtained at the
temperatures indicated and, unless otherwise stated, they were acquired in
a sequence corresponding to the heating mode of the DSC experiment. «
DPPC sample incubated at 0—4°C for 7 days; 8 sample cooled from 85°C;
and vy sample cooled from 30°C.
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entire temperature range examined (0—100°C). In contrast,
the di-(d!)-2-alkyl-hexadecanoyl PCs ali exhibit single heat-
ing endotherms that occur at a lower temperature than does
the main phase transition of DPPC (see Table 2 A). With the
di-(dl)-2-alkyl-hexadecanoyl PCs, the gel/liquid-crystalline
phase transition is also reversible, but, unlike DPPC, these
transitions exhibit some cooling hysteresis (range 2-7°C).
For those lipids with the shorter chain substituents (i.e.,
methyl, ethyl, and propyl), the 3!P-NMR spectra are pow-
der patterns arising from predominantly lamellar assem-
blies of phospholipid molecules undergoing axially sym-
metric motion both above and below the main phase
transition temperature (see Seelig, 1978). However, at tem-
peratures above the gel/liquid-crystalline phase transition,
their *'P-NMR spectra each contain a small “isotropic
peak” of spectral intensity near 2 ppm downfield. This
peak is not present in the gel-phase spectra of these lipids
and increases in intensity with increases in temperature.
Sharp isotropic peaks at this frequency are observed when
the three components of the 3!P shift tensor have been av-
eraged on the 3'P-NMR time scale. In phospholipid disper-
sions, such spectra are usually observed when: 1) small
unilamellar vesicles that can undergo fact tumbling on the
3IP_NMR time scale are present, 2) there has been hydro-
lytic degradation leading to the formation of micellar as-
semblies, or 3) structurally complex three-dimensional
lipid assemblies, such as cubic phases, are formed. The
presence of a population of small unilamellar vesicles
seems improbable in the light of the fact that the isotropic
peak disappears from the *'P-NMR spectrum when the
samples are cooled to “gel-phase” temperatures, and we
have determined that hydrolytic degradation did not occur
during these experiments. Thus these data suggest that
small amounts of nonlamellar phases are formed when
aqueous dispersions of these di-(dl)-2-alkyl-hexadecanoyl
PCs are heated above their main phase transition tempera-
tures. However, because the spectroscopic data indicate
that these di-(d/)-2-alkyl-hexadecanoyl PCs are predomi-
nantly lamellar at all temperatures examined, their tenden-
cies to form nonlamellar phases must be relatively small
under our experimental conditions. Nevertheless, these di-
(dl)-2-alkyl-hexadecanoyl PCs are clearly closer to their
limits of lamellar phase stability than are their unsubsti-
tuted analogues.

It is also evident that the predisposition to form nonla-
mellar phases increases dramatically when the length of the
2-alkyl substituent is increased beyond 3 carbon units (see
Fig. 2). With di-(dl)-2-butyl-hexadecanoyl PC, the DSC
thermograms (Fig. 1) show a main phase transition at tem-
peratures near 27°C and additional thermal events at elevated
temperatures (between 80 and 110°C). Also, at higher tem-
peratures the isotropic peak becomes the dominant feature of
its >'P-NMR spectrum, suggesting that considerable amounts
of nonlamellar structures are formed. The cooling thermo-
grams exhibited by di-(dl)-2-butyl-hexadecanoyl PC (see
Fig. 1) indicate that these thermotropic events are reversible,
although they exhibit significant cooling hysteresis. In the
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TABLE 2 Thermodynamic characterization of the di-(d/)-2-alkyl substituted phosphatidylcholines

* 0
(dl) 2-Alkyl Group Heating Cooling (Kcal/mol) § Comments
A) di-(dl)-2-Alkyl-hexadecanoyl PCs
None (DPPC) 41.4 41.3 7.7 Lamellar at all temperatures measured (0-85°C)
Methyl 285 26.5 8.6 Predominantly lamellar with small populations of cubic
structures at T > T,
Ethyl 30.8 26.4(29.2) 8.7 Predominantly lamellar with small populations of cubic
structures at T > T,
Propyl 314 36.7 (30.2) 8.9 Predominantly lamellar with small populations of cubic
structures at T > T,
Butyl 26.6 19.4 8.3 Predominantly lamellar at T > 65°C
Predominantly cubic at T > 85°C
Pentyl 16.0 13.2(9.4) 7.6 Predominantly lamellar at T < 25°C
Cubic at 30° < T < 45°, Hy; at T > 60°C
2-methyl,propyl 26.3 249 (22.9) 79 Lamellar at T<60°C
Cubic at T = 85°C
2-methyl,buty] 17.5 12.1 7.1 Lamellar at T < 25°, Cubic (Ia3d) at 25° > T > 50°
Cubic (Pn3m) at T > 70°
3-methyl,butyl 18.5 16.5 (12.5) 7.1 Predominantly lamellar at T, < T < 30°
Cubic at T > 40, Hy; when rapidly heated to 85°
3,3-dimethyl-butyl 14.6 11.4 79 Lamellar only at T < T,
Cubic at T = 15°C, Hy; at T > 20°C
cyclohexyl,methyl 6.4 42 79 Lamellar only at T < T,,
HyatTo> Ty
2-ethyl,butyl 9.8 9.2 (16.8) 54 Predominantly lamellar at T,, < T < 20°
Cubic at 20° < T < 30°, Hy at T > 40°C
2-benzyl 18.5 16.8 (15.8) 7.7 Lamellar at all temperatures measured (0-85°C)
B) di-(dl)-2-Alkyl-Dodecanoyl PCs
None (DLPC) -2.1 -3.1(-2.1) 1.8 Lamellar at all temperatures measured (0-85°C)
Benzyl <-50 <=50 ¥nd Lamellar at T < 65°C, predominantly cubic at T > 80°C
C) di-(dl)-2-Alkyl-Tetradecanoyl PCs
None (DMPC) 239 23.8 5.9 Lamellar at all temperatures measured (0-85°C)
Butyl 0.9 -2.2(0.75) 5.8 Predominantly lamellar at T < 70°C
Cubic at T > 80°C
Cyclohexyl,methy! -36.1 -40.3 nd Hy; at all temperatures measured (0-85°C)
2-benzyl -9.4 -10.1 5.6 Predominantly lamellar at T < 60°C with small populations
of cubic structures at higher temperatures
D) di-(dl)-2-Alkyl-Octadecanoyl PCs
None (DSPC) 553 55.2 9.8 Lamellar at all temperatures measured (0-85°C)
Butyl 42.4 414 10.5 Lamellar at all temperatures measured (0-85°C)
Cyclohexyl,methyl 24.5 21.5(20.8) 10.5 Lamellar only at T < Ty, Hy at T > Ty

* Trns of minor transitions listed in brackets.

* Refers only to the chain-melting phase transition,
$Temperatures from 3'P-NMR experiments heating from T < T,,,.
¥ Not determined.

case of di-(dl)-2-pentyl-hexadecanoyl PC, DSC reveals a
single heating endothermic transition at temperatures near
16°C with no calorimetric evidence for further thermal
changes. However, the ' P-NMR spectroscopic data indicate
that structural changes are occurring at temperatures above
the chain-melting transition temperature. At low tempera-
tures the sample exhibits a powder pattern that is compatible
with the existence of a Lg-type gel-phase bilayer, but at all
temperatures above the main transition temperature there is
evidence for a significant nonlamellar component in the
spectrum. At 20°C there seem to be comparable proportions
of liquid-crystalline bilayer and isotropic components in the
*IP-NMR spectrum, but the bilayer component disappears
completely at 30°C. For this particular di-(dl)-2-alkyl-
hexadecanoyl PC, our x-ray diffraction studies indicate that
the isotropic structure formed is consistent with cubic phases
of the Pn3m or Pn3 space groups (see below). Interestingly,

the cubic phase formed does not reconvert to the lamellar
liquid-crystalline phase when recooled to temperatures near
15°C but seems to convert directly to the gel phase when
cooled to lower temperatures. This type of behavior is re-
markably similar to the metastable behavior observed with
the Pn3m cubic phase formed when dioleoyl phosphati-
dylethanolamine dispersions have been rapidly recycled
(=200 X) through their L,/H;; transition temperature range
(Shyamsunder et al., 1988).

The *'P-NMR spectroscopic data also show that further
structural changes occur when samples of di-(dl)-2-pentyl-
hexadecanoyl PC are heated to temperatures near 85°C, de-
spite the fact that there is no calorimetric evidence for struc-
tural changes over this temperature range. At temperatures
near 50°C the spectrum broadens and assumes the appear-
ance of a two-component system composed of an isotropic
component and a broader powder pattern, which is of re-
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duced anisotropy and reversed asymmetry when compared
with that of the lamellar liquid-crystalline phase. With fur-
ther heating the isotropic component eventually disappears
completely, leaving a powder pattern that is generally in-
dicative of the formation of the inverted hexagonal phase.
Interestingly, the structural changes that occur between 30
and 85°C are fully reversible. That these phase transitions
were not detected by DSC suggests that the structural
changes concerned are weakly energetic and/or poorly co-
operative thermotropic events.

Effects of substituent bulk and rigidity

Having established that the predisposition of lipids with nor-
mally “bilayer-preferring polar headgroups” to form nonbi-
layer phases can be dramatically increased by the introduc-
tion of sufficiently long substituents near the ester carbonyl
groups of the fatty acyl chain, we next examined the effects
of changes in the bulk and rigidity of the substituent group.
Mlustrated in Figs. 3 and 4 are DSC thermograms and >'P-
NMR spectra of some di-(d!)-2-alkyl-hexadecanoyl PCs in
which the nominal length of the substituent group is 4 cartbon
atoms. With these particular lipids, the substituent group is
made bulkier by subsidiary branching. A comparison of the
thermotropic properties of these samples with those of di-
(dl)-2-butyl-hexadecanoyl PC (see Figs. 1 and 2), which has
an unbranched substituent group of similar length, reveals
that subsidiary branching of the substituent group results in
further reductions in the gel/liquid-crystalline phase transi-
tion temperatures (see data compiled in Table 2). This is most
likely the result of further destabilization of the gel phase
caused by the presence of the bulkier substituent groups.
From the >'P-NMR spectra it is also clear that both the ab-
solute temperature and the reduced temperature (relative to
the main phase transition temperature) at which these lipids
form nonlamellar phases (whether isotropic or Hy;) are con-

2,Methyl Butyl
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siderably lower than those of di-(d/)-2-butyl-hexadecanoyl
PC. Moreover, the type of nonlamellar phase formed and the
predisposition of the lipid molecule to form such phases are
also affected by the position of the subsidiary group on the
2-alkyl substituent. Thus for the lipid with 3-methyl-butyl
(iso-pentyl) substituted fatty acyl chains, DSC heating ther-
mograms acquired at fast scan rates reveal an additional ther-
mal event near 57°C, which, on the basis of the 3'P-NMR
spectroscopic data, is consistent with a cubic/Hy; phase tran-
sition. As shown in Fig. 4 B, the *'P-NMR spectra indicate
that the conversion of the lamellar phase to an isotropic phase
is complete at temperatures near 40°C, whereas the spectrum
acquired at 85°C shows that there is coexistence of both
isotropic and Hy phases. Interestingly, however, our 3!P-
NMR spectroscopic studies also suggest that there is a kinetic
component to this process, inasmuch as the partial conver-
sion to the Hy phase of this particular lipid is only observed
if the sample is heated very quickly. Thus we suspect that
complete conversion to the Hy; phase may occur in the fast
scanning DSC experiment but not in the NMR spectroscopic
experiment because of the greater thermal inertia of the
NMR sample. In the case of the di-(dl)-2-(2-methyl-butyl)-
hexadecanoyl PC (sec-pentyl substituted PC), however, it is
evident that this lipid is less prone to form a nonlamellar
phase than is the iso-pentyl substituted analogue, because the
conversion of the lamellar phase to the cubic phase occurs
at somewhat higher temperatures (whether viewed on the
absolute or reduced temperature scales) and no Hy; phase is
formed.

Our studies of the sec-pentyl-substituted PC also suggest
that this lipid may form two distinct, thermotropically in-
duced cubic phases. A close inspection of the data shown in
Fig. 4 A shows that the isotropic *'P-NMR signal obtained
at 40°C is broader than that obtained at 85°C. Moreover, this
is not simply the result of a temperature-dependent line nar-
rowing caused by the increased mobility of the lipid mol-

3,Methyl Butyl 3.3 Dimethyl Butyl

FIGURE 3 DSC thermograms of di-(dl)-2-
(2-methyl butyl)-hexadecanoyl PC, di-(di)-2-

B
[=]
p—
[
-
. Q | a—— e 1 J L 1 1 1 ] J — A 1 J
(3-methyl butyl)-hexadecanoyl PC, di-(dl)-2- © © 10 20 30 40 0 =20 40 60 B0 ) 10 20 30
(-3,3-dimethyl butyl)-hexadecanoyl PC, di- o=
(dl)-2-(cyclohexyl methyl)-hexadecanoyl PC, .9 Cyclohexyl-methyl 2,Ethyl Butyl Benzyl
di-(dl)-2-(2-ethyl butyl)-hexadecanoyl PC, and E
di-(dl)-2-benzyl-hexadecanoyl PC. Unless oth- s
erwise stated, the DSC themograms were all =)
acquired at a scan rate of 18.75°C/h. "'6
2 ( jr —
= —~ 35
L L A i | L A A L J 1 N 1
0 5 10 15 20 0 10 20 30 40 10 20 30

TEMPERATURE, Deg.C



1094 Biophysical Journal

R
\
{
™)
O
Io

™

20°

[04]

(oL}

©
=

60°

40°

20°

3

~
o

0 0 -200 200

10

ST

~
o
o
o
n
=3
°

-200

Volume 66 April 1994

B C
850 6 15°
40° c 30°
2g° ¢ 30°

0 15°

_)\\\_2_"
° 2°
2° ‘A_z_ ~/\_
—t —_— N

-200 200 0 -200
E F
37° 85°
37°
50°

\
~
o
=%
~
o
P=3
o
'
~
o
o

PPM

FIGURE 4 Proton decoupled 3'P-NMR spectra of (A) di-(d!)-2-(2-methyl butyl)-hexadecanoyl PC, (B) di-(d!)-2-(3-methyl butyl)-hexadecanoy! PC,
(C) di-(dl)-2-(-3, 3-dimethyl butyl)-hexadecanoyl PC, (D) di-(dl)-2-(cyclohexyl methyl)-hexadecanoyl PC, (E) di-(dl)-2-(2-ethyl butyl)-hexadecanoyl PC,
and (F) di-(dl)-2-benzyl-hexadecanoyl PC. The spectra were obtained at the temperatures indicated and, unless otherwise stated, were acquired in a sequence
corresponding to the heating mode of the DSC experiment. a sample cooled from 40°C; 8 sample cooled from 85°C; y sample quickly heated from 2°C;
& sample cooled from 15°C; € sample quickly heated from 2°C; ¢ sample heated from 15°C; k sample quickly heated from 2°C; and A sample PC heated

from 15°C.

ecules at higher temperatures. As is also shown in Fig. 4 A,
the line width of the isotropic NMR signal obtained at a
common data acquisition temperature of 20°C differs ac-
cording to the thermal history of the sample. For samples that
were preequilibrated at 2°C, heated to 40°C, and recooled to
20°C, the width of the isotropic signal is significantly broader
than that obtained from a sample that was cooled to 20°C
from a temperatures near 85°C. This difference in the line
widths is a reflection of structural differences as confirmed
by a visual inspection of the sample used for NMR spec-
troscopy (see Fig. 5). When warmed from the gel phase to
temperatures near 20°C, the sample appears as an opaque
dispersion typical of most lamellar lipid dispersions. How-
ever, when warmed to 40°C the appearance of the sample
changes to that of a transparent/translucent viscous liquid,
which is less dense than the bulk aqueous phase. This change

in the appearance of the sample is not the result of dehy-
dration, because our gravimetric analyses of the “transparent
viscous liquid” that floated out of the bulk aqueous phase
indicate that it consists of 70-85% water. Upon heating to
temperatures near the boiling point of water, the appearance
of the sample changed further and assumed that of a white
translucent “solid-like” material, which was firm to the
touch. Our gravimetric analyses of the latter showed that it
also consists of 70-85% water.!

! Note that these gravimetric estimates of water content probably include
bulk water trapped in defects or between local domains of the aggregate
concerned. Therefore these values should be considered as the upper limit
of the actual water content of these phases.
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FIGURE 5 Photographs and 3'P-NMR spectra of aqueous dispersions
of di-(dl)-2-(sec-pentyl)-hexadecanoyl PC. The photographs were all taken
at 20°C. (A) Sample warmed to 20°C from 2°C (Lamellar L, phase);
(B) Sample recooled to 20°C after warming sample A to 40°C (cubic phase
Ia3d); and (C) Sample recooled to 20°C after heating to 85°C (cubic phase
Pn3m).

The changes in the appearance and the consistency of the
sample are clearly the result of significant structural changes.
The nature of the structures formed was such that the ap-
pearance of the transparent viscous liquid is correlated with
the broad isotropic signal, whereas the narrower signal is
correlated with the appearance of the hard translucent solid.
The existence of two isotropic >!P-NMR signals suggests
that one or more structurally distinct types of cubic phases
may have been transiently formed by some of the other cubic
phase-forming PCs examined (see x-ray diffraction data be-
low). This phenomenon may explain the kinetic aspects of
the behavior of di-(dl)-2(iso-pentyl) hexadecanoyl PC noted
above.

We also find that additional branching of the substituent
group results in a further destabilization of the gel phase and
an increased tendency to form nonlamellar phases. For ex-
ample, with (dl)-2-(3, 3,dimethyl-butyl)-hexadecanoyl PC,
the presence of the added methyl group at C3 of the butyl
chain results in a further lowering of the chain-melting tran-
sition temperature by some 4°C (see Table 2 A and compare
with (dl)-2-(iso-pentyl)-hexadecanoyl PC) and a dramatic
lowering of the lamellar/nonlamellar phase transition tem-
perature. In fact this particular lipid is the only one of the
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(dl)-2-(alkyl)-hexadecanoyl PCs synthesized that exhibits
31p_NMR spectra consistent with the formation of an ordered
L.-like phase at low temperatures. As is evident from Fig. 4
C, the heating endothermic transition centered near 14°C
seems to coincide with a direct conversion from a subgel
(L.-like) phase to a nonlamellar phase. Apparently, the Lg
and L, lamellar phases of this particular lipid are not ther-
modynamically favored at any temperature. It is also appar-
ent from the data in Fig. 4 that there is a kinetic component
to the behavior of this lipid, the form of which is similar to
but not identical with that observed with (dl)-2-(iso-pentyl)-
hexadecanoyl PC. To further investigate the phase transition
kinetics, we designed a time-resolved NMR experiment in
which a sample of the lipid was equilibrated at 0°C and
quickly introduced into the NMR probe, which was pre-
equilibrated at 15°C. Spectra were acquired every 2 min (co-
addition of 32 transients) as the sample warmed to 15°C, and
the results are shown in Fig. 6. Initially, the broad powder
pattern characteristic of the L; phase was observed (Fig. 6,
spectra 1-4), but this soon collapsed to form the axially sym-
metric pattern expected of the lamellar L, phase (see Fig. 6,
spectra 6 and 7). However, a population of nonlamellar phase
material was also present, as evidenced by the isotropic peak
near 2 ppm downfield (see Fig. 6, spectra 6 and 7). With time,
these events are superseded by formation of the inverted
hexagonal phase, which is virtually complete some 20 min
after the start of the experiment (see Fig. 6, spectra 10 and
11). The fact that the Hy; phase is formed at 15°C seems
surprising in view of the fact that the data shown in Fig. 4
C clearly indicate that a cubic phase (assigned as cubic
Pn3m/Pn3 by x-ray diffraction, see below) is the thermo-
dynamically favored phase at this temperature. However,
with prolonged incubation at 15°C, there is a slow build-up
of an isotropic component in the spectrum (see Fig. 6, com-
pare spectra 10 and 30), which is consistent with the slow
conversion of the Hy; phase to a cubic phase. Indeed, as is
evident from Fig. 5 C, complete conversion to the cubic
phase occurs when the sample is fully equilibrated under
these conditions. It seems highly improbable that the iso-
tropic signal transiently observed when the L. phase de-
composed arises from the same cubic phase, which is ther-
modynamically favored at 15°C. Thus it is possible that
the “isotropic structure” (possibly a cubic phase) that is
transiently formed between the lamellar and Hy phases of
this lipid may be structurally distinct from the Pn3m
(or Pn3 phase), which is stable at 15°C.

To investigate the effects of the rigidity of the substituent
group, we examined the thermotropic phase properties of
di-(dl)-2-(cyclohexyl-methyl)-hexadecanoyl PC, its open
chain analogue di-(dl)-2-(2-ethyl-butyl)-hexadecanoyl PC,
and the aromatic ring analogue di-(dl)-2-benzyl-hexa-
decanoyl PC (see Figs. 3 and 4 and data compiled in Table
2 A). In the case of the cyclohexyl-methyl substituted lipid,
a single heating endothermic transition is observed by DSC,
and this was identified as a lamellar gel/Hy; phase transition
by both 3'P-NMR spectroscopy and x-ray diffraction. Evi-
dently, the presence of a large rigid group at C2 of the fatty
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FIGURE 6 Proton decoupled 3'P-NMR spectra of a
sample of di-(d!)-2-(3, 3-dimethyl-butyl)-hexadecanoyl
PC acquired as a function of time as the sample warmed
from 0°C to 15°C.
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acyl chain is a potent promoter of nonlamellar phase for-
mation. However, in the case of the aromatic ring analogue
(di-(dl)-2-benzyl-hexadecanoyl PC), we found no evidence
for the formation of any form of nonlamellar phase. From the
considerable lowering of the gel/liquid-crystalline phase
transition temperature (see DSC data in Fig. 3and Table 2A),
it is clear that the presence of the benzyl groups does disrupt
the lateral interactions of the hydrocarbon chains, but evi-
dently its effects are not severe enough to destabilize this
particular bilayer with respect to a nonlamellar phase. We do
find, however, that the 2-benzyl substituent can promote the
formation of an inverted nonlamellar structure if the length
of the main acy! chain is shortened (see Fig. 7 and Table 1,
B and C). Evidently, the size and rigidity of the benzyl group
are not the only factors that need to be considered. However,
that the rigidity of the substituent group is a significant factor
is clearly evidenced by a comparison of the behavior of the
cyclohexylmethyl-substituted lipid with that of the 2-ethyl-
butyl-substituted analog. With the latter the branched sub-
stituent group is of comparable size to the cyclohexyl-methyl
group, but it is considerably more flexible, because the car-
bon atoms are not constrained to form an alicyclic ring. A
comparison of the thermodynamic and spectroscopic data
suggests that the more flexible 2-ethyl-butyl group is less
disruptive of gel-state packing (note its higher chain-melting
phase transition temperature, see Fig. 4 E and Table 2) and
is also a less potent promoter of nonlamellar phase formation.
Unlike the cyclohexylmethyl analogue, there is a small tem-
perature range (10-20°C) in which the lamellar L, and cubic
phases of this lipid coexist and the Hy; phase is only stable

at temperatures above 25°C (see Fig. 4 E). It is also inter-
esting to note that there is a kinetic component to the behavior
of this lipid similar to that observed with di-(dl)-2-(3,
3,dimethyl-butyl)-hexadecanoyl PC (see Fig. 4 E).

Effect of the length of the main acyl chain

To evaluate how the effect of the (dl)-2-alkyl substitutions
are moderated by the length of the main acyl chain, we also
examined the thermotropic phase behavior of the di-(dl)-2-
butyl, di-(dl)-2-(cyclohexylmethyl), and di-(dl)-2-benzyl al-
kanoyl PCs with comparable variation in their main chain
lengths. These three substituent groups span the wide range
of “non-lamella-inducing” potencies observed in our studies
of the di-(dl)-2-alkyl-hexadecanoyl PCs. With each series of
lipids, the thermodynamic data (see Tables 1 and 2) show the
expected increase in the gel/liquid-crystalline phase transi-
tion temperature with increases in the main acyl chain length.
Moreover, the “disruptive” effects of the 2-alkyl substituent
groups decrease markedly with increases in the length of the
main acyl chain, as indicated by the progressively smaller
decrease in T, observed (see Table 3). Our *'P-NMR spec-
troscopic studies show that the stability of these PC bilayers
with respect to an inverted nonlamellar phase is chain-length
dependent (see Fig. 7). As shown in Table 2 and Fig. 7, all
of the cyclohexylmethyl-substituted homologues form Hy,
phases, whereas some of the homologues of the 2-butyl and
the 2-benzyl-substituted PCs form inverted cubic phases.
However, the remarkable observation is that the propensity
of these PCs to form inverted nonlamellar phases seems to
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FIGURE 7 Proton-decoupled 3'P-NMR
spectra of di-(dl)-2-butyl- (left panel) and
di-(dl)-2-benzyl-substituted analogues of
the homologous series of normal saturated
diacyl PCs. The spectra shown were all ac-

Phase Behavior of Non-Lamella-Forming PCs

quired at 85°C.

[ T T T T T T

1097
2butyl 14:0 2-benzyl 12:0
2-butyl 16:0 2-benzyl 14:0
2-butyl 18:0 2-benzyl 16:0
T l [ T T T T T T L]
~200 PPM 200 0 -200 PPM

decrease with increases in acyl chain length. This is vividly
illustrated by our studies of the di-(dl)-2-benzyl and di-(dl)-
2-butyl alkanoyl PCs, which clearly show that at a constant
temperature of 85°C, the extent of conversion to the cubic
phase decreases as the length of the main fatty acyl chain
increases (see Fig. 7). This is in marked contrast to the diacyl
and dialkyl PEs (Seddon et al., 1983, 1984; Lewis et al.,
1989, Lewis and McElhaney, 1993) and the monoglucosyl-
diacylglycerols (Mannock et al., 1988, 1990; Mannock and
McElhaney, 1991) for which increases in acyl chain length
result in a decrease of the lamellar to nonlamellar phase tran-
sition temperature. The data presented in Fig. 7 and Table 3
also show that the benzyl substituent does have some ca-
pacity to induce the formation of a nonlamellar phase, though
it is considerably less effective at so doing than is the cy-
clohexyl methyl group or, indeed, many of the other hydro-
phobic groups tested.

X-ray diffraction studies

In this study 3!P-NMR spectroscopy was used to characterize
the thermally induced structural changes that occur with
these novel lipids and for a preliminary assignment of the
structure of the phases formed. However, it is well known
that structural assignments on the basis of unsupported 3!P-
NMR spectroscopic data can only be considered tentative.

TABLE 3 Effect of main acyl chain length on the depression
in T, caused by (d/)-2-alkyl substituent groups

* Acyl Chain Depression in T,, (°C)

Length Butyl Cyclohexyl,methyl Benzyl
12 ¥nd *nd >50
14 23.0 60.0 333
16 14.8 35.0 229
18 12.9 30.8 *nd

* Number of carbons forming the main acyl chain.
* Not determined.

Indeed, it has even been shown that it is theoretically feasible
for lamellar phase phospholipids to exhibit spectra that are
generally considered to be typical of cubic and Hy, phases,
provided that appropriate restrictions are placed on the mo-
tion of the phosphate group (Thayer and Kohler, 1981). To
our knowledge this has not been observed experimentally,
and indeed we know of no instance in which tentative phase
assignments on the basis of 'P-NMR spectroscopy have
been shown to be incorrect (see Tilcock et al., 1986). How-
ever, because in these studies we have made major modi-
fications to a critical region of the lipid bilayer, one cannot
be certain that the above generalizations will hold true with
these novel lipids. Thus, the x-ray diffraction patterns of
some of these lipids were examined to confirm the tentative
phase assignments made by >'P-NMR spectroscopy and to
explore certain aspects of the thermotropic phase behavior of
some of the novel compounds used in this study.

The spacings corresponding to the lowest order diffraction
peaks (i.e., the lamellar repeat distances for lamellar phases)
were determined from small angle x-ray diffraction studies
of selected di-(dl)-2-alkyl-alkanoyl PCs and are plotted as a
function of temperature in Fig. 8. The data suggest that these
lipids form hydrated bilayers that differ significantly from
those formed by normal PC bilayers. First, the plots show a
major discontinuity near 0°C upon heating and near -10°C
upon cooling (see Fig. 8). These discontinuities probably
arise from swelling (shrinkage) of the interlamellar water
coincident with the melting (freezing) of the bulk aqueous
phase and are not the result of lipid phase changes. Changes
of this magnitude are atypical of normal glycerolipid bilay-
ers, for which considerably smaller changes in the dimen-
sions of the interlamellar water layers are usually observed
when the bulk aqueous phase freezes or melts. Second, for
the alkyl-substituted lipids that form a liquid-crystalline
phase at temperatures just above T, the long spacings ob-
served at temperatures just below and just above their re-
spective Lg/L,, phase transitions (See Table 4) are smaller
than those of the unsubstituted analogue DPPC, for which the
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FIGURE 8 Temperature dependence of the long spacings of aqueous dispersions of selected di-(dl)-2-alkyl-hexadecanoyl PCs. (A) di-(d!)-2-Benzyl-
hexadecanoyl PC (heating); (B) di-(dl)-2-Butyl-hexadecanoyl PC (heating); (C) di-(dl)-2-(2-methy] butyl)-hexadecanoyl PC (heating and cooling);
(D) di-(dl)-2-(3-methyl butyl)-hexadecanoyl PC (cooling); (E) di-(dl)-2-(3, 3-dimethyl butyl)-hexadecanoyl PC (heating); and (F) di-(dl)-2-(cyclohexyl
methyl)-hexadecanoyl PC (cooling). Open symbols, cooling experiments; filled symbols, heating experiments; and the dashed lines indicate the hydrocarbon
chain-melting phase transition temperatures as determined from DSC heating-mode experiments

comparable values are 74 and 67 A, respectively (see Rand
et al., 1975; Church et al., 1986). Also, the lamellar long
spacings of those lipids increase at Ty, (see Fig. 8 and Table
4), in marked contrast to straight chain PCs such as DPPC
for which the chain-melting phase transition is accompanied
by a decrease in the lamellar repeat distance (for examples,
see Rand et al., 1975; Church et al., 1986). In principle the
above observations could be the result of one or more of the
following: 1) significant swelling of the interlamellar water
layers at T, 2) strong tilting of the hydrocarbon chains at
temperatures below T, and 3) hydrocarbon chain interdigi-
tation at temperatures below T,,,. Of these possibilities, sig-
nificant tilting of the hydrocarbon chains below T, can be

TABLE 4 Lamellar long spacings of selected
di-(d/)-2-alkyl-hexadecanoyl PCs

* Lamellar Long Spacing (A)

2-Alky] Substituent Lg Phase L. Phase
-Butyl 51.9 (20°C) 67.0 (30°C)
-Benzyl 51.5 (15°C) 60.2 (30°C)
-(2-methyl-butyl) 545 (15°C) 58.2 (20°C)
-(3-methyi-butyl) 55.4 (15°C) 58.2(20°C)
-(3,3-dimethyl butyl) 49.0 (10°C) *na
-(cyclohexyl methyl) 53.58 (5°C) *na

* Lamellar long spacings (A) were measured at the temperatures indicated
in brackets.
*Not Applicable. Stable L, phases were not observed.

eliminated because the characteristic pattern of wide angle
reflections near 4.2 A (see Tardieu et al., 1973) are not ob-
served in the x-ray diffraction experiment (data not shown).
Other possibilities are that the di-(dl)-2-alkylalkanoyl PCs
form gel and liquid-crystalline phases that are less hydrated
than are those of the corresponding unsubstituted straight-
chain lipids and/or that some form of hydrocarbon chain
interdigitation exists in the gel phases of the (dl)-2-alkyl-
alkanoyl PCs. It should be noted, however, that the gel-phase
small angle diffraction pattern typically observed (see Fig. 9)
is more typical of noninterdigitated gel phases.

The lamellar phases of the lipids examined become un-
stable at temperatures above T, and transform to structures
with markedly different diffraction characteristics. For lipids
such as di-(dl)-2-(3, 3 dimethyl butyl) hexadecanoyl PCs and
di-(dl)-2-(cyclohexyl-methyl) hexadecanoyl PC, diffraction
patterns indicative of lamellar phases are only observed at
temperatures below T, and are typified by that shown Fig.
9 (top panel), a diffraction pattern observed in the gel phase
of these lipids. At temperatures above Ty, both di-(dl)-2-(3,
3 dimethyl butyl) hexadecanoyl PCs and di-(dl)-2-(cyclo-
hexyl-methyl) hexadecanoyl PC exhibit diffraction patterns
characterized by peak distances in the ratio 1:1/3:1/4:\/7 as
shown in Fig. 10 A. Also, the lattice constant remains fixed
even in the presence of excess water and decreases smoothly
as the temperature increases. The inverted nature of this
phase was demonstrated by the fact that the dispersions
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FIGURE 9 Radially integrated x-ray powder diffraction patterns exhib-
ited by the lamellar phases of selected di-(dl)-2-alkyl-alkanoyl-
hexadecanoyl PCs. Diffraction patterns are presented for the lamellar gel
phase of di-(dl)-2-(cyclohexyl methyl) hexadecanoyl PC (top) and the la-
mellar liquid-crystalline phase of di-(dl)-2-benzyl dodecanoyl PC (bottom)
at =30°C. Small angle diffraction patterns are shown on the left, and wide
angle diffraction patterns are shown on the right. In the wide angle dif-
fraction patterns the sharp peaks between 2.5 and 3.0 A are the result of ice
crystals.

swelled to a limited degree in excess water. The above fea-
tures clearly indicate that both di-(d/)-2-(3, 3 dimethyl butyl)
hexadecanoyl PCs and di-(dl)-2-(cyclohexyl-methyl) hexa-
decanoyl PC form Hy; phases at temperatures above Ty, thus
confirming the conclusions drawn from the 3!P-NMR spec-
troscopic data presented above.

Small angle x-ray diffraction patterns of di-(dl)-2-(3-
methyl butyl) hexadecanoyl PC and di-(d/)-2-(2-methyl bu-
tyl) hexadecanoyl PC were also acquired to determine the
structure of the isotropic phases formed by some of these
lipids. These lipids are lamellar at temperatures below Ty,
their chain-melting phase transitions are accompanied by an
expansion of their respective lamellar lattices (see Fig. 8),
and, at temperatures well above Ty, they exhibit complex
nonlamellar diffraction patterns. As was observed in the 31P-
NMR spectroscopic experiment, di-(d/)-2-(2-methyl butyl)
hexadecanoyl PC exhibits a very complex phase behavior
when heated to temperatures well above T,,. When heated to
temperatures between 40 and 50°C, the lamellar diffraction
pattern changes to the form shown in Fig. 10 C. This lipid
exhibits relatively diffuse diffraction peaks in this phase but
enough peaks are resolved to enable the assignment of the
latter to the gyroid phase (space group Ia3d). Upon heating
to very high temperatures, the diffraction pattern exhibited
by this lipid changes to a form similar to that shown in Fig.
10 B. The change in diffraction pattern is a correlated with
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FIGURE 10 Radially integrated x-ray powder diffraction patterns exhib-
ited by the inverted nonlamellar phases of selected di-(dl)-2-alkyl-
hexadecanoyl PCs. Diffraction patterns are presented for: (A) The inverted
hexagonal phase, di-(dl)-2-(cyclohexyl methyl)-hexadecanoyl PC at 85°C;
(B) The cubic Pn3m/Pn3 phase, di-(d!)-2-(2-methyl butyl)-hexadecanoyl
PC at 85°C; and (C) The gyroid Ia3d phase, di-(d/)-2-(2-methyl butyl)-
hexadecanoyl PC at 20°C.

the abrupt decrease in the spacings observed at high tem-
perature (see Fig. 8). This phase exhibits better resolved dif-
fraction peaks, which are consistent with a phase of cubic
symmetry belonging to the space groups Pn3m or Pn3 (see
Fig. 10 B). Thus, as was inferred from the 3'P-NMR spec-
troscopic study, this lipid seems to form two structurally
distinct nonlamellar cubic phases. Also, consistent with the
31P_.NMR spectroscopic data, the cubic phase that forms at
high temperature does not revert to the low temperature form
upon cooling. Thus, upon cooling the Pn3m/Pn3 cubic phase
persists to temperatures near 10°C when the lamellar gel
phase reappears. Diffraction patterns consistent with the for-
mation of a Pn3m/Pn3 cubic phase (see Fig. 10 B) were
also observed when samples of di-(dl)-2-(3-methyl butyl)-
hexadecanoyl PC were heated to temperatures above 50°C.
Thus, at least with the representative lipids studied here, the
x-ray diffraction data is consistent with the general phase
assignments made by 3'P-NMR spectroscopy.

DISCUSSION

‘We have demonstrated that the substitution of modestly sized
hydrophobic groups at C2 of the fatty acyl chains induces
nominally bilayer-preferring PCs to form inverted nonlamel-
lar structures, a possibility suggested in previous studies of
branched chain diacyl PCs (Nuhn et al., 1986; Brezesinski
etal., 1987). Hydrophobic substituents near the bilayer polar/
apolar interface probably destabilize the lamellar phases of
these lipids by perturbing lateral interactions between the
hydrocarbon chains. In the gel phase, the disruptive influence
of such groups is manifested primarily by a lowering of the
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gel/liquid-crystalline phase temperature. Our x-ray diffrac-
tion studies also indicate that the lamellar gel phases formed
by these di-(dl)-2-alkyl-alkanoyl PCs differ significantly
from those formed by saturated straight-chain PCs. Specifi-
cally, these lipids seem to form poorly hydrated bilayer ar-
rays at temperatures below 0°C, their lamellar repeat dis-
tances are smaller than those of the unsubstituted analogue,
and their hydrocarbon chains may be interdigitated at tem-
peratures below T,,,. However, our DSC studies indicate that
the enthalpy change occurring at the chain-melting phase
transitions of the majority of the lipids studied is comparable
to, and sometimes exceeds that of, the unsubstituted analogue
(see Table 2). Therefore the destabilization of hydrocarbon
chain interactions evidenced by the diminution of the T,,’s
of these di-(dl)-2-alkyl-alkanoyl PCs are not reflected in the
enthalpy changes coincident with the chain-melting phase
transition. Thus, the nature of the structural changes that
occur at their chain-melting phase transitions must differ
from those of the unsubstituted analogue.

In the chain-melted state, the destabilization of the lamel-
lar phase by the various substituents is manifest by the ap-
pearance of inverted nonlamellar phases. The tendency for
these lipids to form nonlamellar phases generally increases
with increases in the length, volume and rigidity of the
2-alkyl substituents. With the smaller substituent groups cu-
bic phases are the only nonlamellar structures formed,
whereas with the larger substituent groups inverted hexago-
nal phases are also formed. However, we did find some in-
teresting exceptions to the above generalization. For in-
stance, the methyl group destabilizes the lamellar gel and
liquid-crystalline phases to a greater extent than do the larger
ethyl or propyl groups. Also, whereas the benzyl and
cyclohexyl-methyl groups are roughly comparable in size,
the aromatic group is considerably less effective at promot-
ing nonlamellar phases than is its alicyclic counterpart. In-
deed the 3'P-NMR spectroscopic data also suggest that the
methyl substituent may well be a more potent promoter of
nonlamellar phases than is the considerably larger benzyl
group. It is therefore difficult to reconcile all of our obser-
vations strictly on the basis of the sizes of the substituents,
if the glycerol backbone retains its usual conformation (per-
pendicular to the bilayer surface) when large hydrophobic
substituents are placed at C2 of the fatty acyl chains. This is
because the lipid molecules cannot assume an energetically
favorable packing mode in which there are close van der
Waals contacts between the hydrocarbon chains without the
large bulky hydrophobic substituent at C2 of the sn2 fatty
acyl chain projecting into the hydrated portion of the lipid
bilayer. Interestingly, if the glycerol backbone were arranged
parallel to the bilayer surface, relatively close van der Waals
contacts between the hydrocarbon chains should be possible
without the placement the 2-alkyl substituents (both the snl
and sn2) into a polar environment. However, such a con-
formational change does incur a significant energetic cost
and will probably occur only when the hydrophobic sub-
stituents become sufficiently large. In principle, the differ-
ential effect suggested above could explain many of the prop-
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ertiecs of these PCs. For example, a change in the
conformation of the glycerol backbone may account for the
discontinuity observed in our studies of the effect of increas-
ing the length of the 2-alkyl substituent. Moreover, the same
differential effect could also explain why a benzyl group is
considerably less effective at promoting the formation of a
nonlamellar phase than is the cyclohexyl methyl group. This
is because the aqueous solubility of benzene (1 part in 1430)
is several orders of magnitude greater than that of cyclo-
hexane, and as a result the location of a benzene ring in a
hydrated environment will be less energetically costly than
is the case with a cyclohexane ring. Consequently, it may be
energetically favorable for the benzyl-substituted lipid to re-
tain the normal conformation of its glycerol backbone,
whereas this would not be the case for the cyclohexyl-methyl
analogue. Interestingly, the proposed change in the confor-
mation of the glycerol backbone may also promote the for-
mation of chain-interdigitated structures at temperatures be-
low T,,. This is because such a conformational change would
result in a lateral expansion of the hydrophobic domain of the
lipid bilayer. Such expansion will facilitate the accommo-
dation of the hydrophobic substituents between the hydro-
carbon chains, but it will also increase the mean separation
of the main fatty acyl chains thereby increasing the prob-
ability of forming chain-interdigitated structures. Under such
conditions the latter would be favored in preference to subgel
phases when these lipids are incubated at low temperatures.

Another unusual feature of the thermotropic phase behav-
ior of these di-(dl)-2-alkyl-alkanoyl PCs is the fact that the
absolute temperatures at which the lamellar phases of these
lipids become unstable with respect to a nonlamellar phase
increases with increases in the length of the main acyl chain
(see Fig. 7). The chain-length dependence described above
is the opposite of that exhibited by most non-lamella-forming
lipids and is not predicted from theoretical considerations
based on either lipid shape (Israelachvilli et al., 1977, 1980)
or spontaneous monolayer curvature (see Kirk et al., 1984,
Gruner et al., 1985). Presumably, it can be attributed to chain-
length-dependent alterations of the lateral stress profiles
within the monolayers formed by these lipids (see below).

Studies of this new class of non-lamella-forming PCs may
also provide insight into the relationship between lamellar/
nonlamellar phase behavior and the lateral stress profile
within a lipid monolayer (see Helfrich, 1980; Petrov and
Bivas, 1984; Seddon, 1990). The stress profile, S(z), speci-
fies the sign and magnitude of stress parallel to the membrane
surface at a given depth, z, along a line perpendicular to the
surface of the monolayer, as is schematically represented in
Fig. 11. In several of the more commonly accepted repre-
sentations, the profile is dominated by three regions: a re-
pulsive interaction due to the headgroups; a cohesive inter-
facial tension in the hydrophylic/hydrophobic contact region;
and a repulsive hydrocarbon chain region (see the regions
labeled H, I, and C in Fig. 11). Indeed, knowledge of the
lateral stress profile could reveal a great deal about forces
active in a lipid monolayer. For example, if it can be assumed
that the net stress is zero and reasonable constraints are
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FIGURE 11 Diagrammatic representation of the “lateral stress profile” of
amelted lipid monolayer. “I” represents interfacial tension, whereas “H” and
“C” represent the stress profiles in the headgroup and acyl chain regions,
respectively.

placed on “local flatness,” then the integral across the mono-
layer of the first moment of the stress profile would yield the
product of monolayer rigidity (i.e., stiffness) and spontane-
ous curvature. Thus, in so far as the stiffness is nearly con-
stant for monolayers of the same thickness, the integral of the
first moment of the stress profile would yield the spontaneous
monolayer curvature and, hence, the tendency for the system
to adopt nonlamellar phases. In this respect the stress profile
captures a more exact description of the system than is en-
coded, for example, by either single-valued shape parameters
(see Israelachvilli et al., 1977, 1980) or the spontaneous
monolayer curvature (see Kirk et al., 1984; Gruner et al.,
1985) alone. Unfortunately, at this time there is no known
way to directly measure S(z). In comparing these new non-
lamella-forming PCs with their unsubstituted bilayer-
preferring counterparts, it is tempting to assume that the
dominant effect on S(z) is on the interfacial “I” region of Fig.
11. If this should prove to be true, then these new classes of
compounds would be very useful as probes to the “I” com-
ponent of S(z).

Our data also highlight the potential usefulness of these
lipids in studies of the structure of nonlamellar phases as well
as the mechanism of lamellar/nonlamellar phase transitions.
It has been postulated for some time that cubic phases may
be crucial intermediates en route to the formation of an in-
verted hexagonal phase (see Siegel, 1986a, b, and references
cited therein), and that kinetically hindered cubic phases may
exist between lamellar and inverse hexagonal phases
(Shyamsunder et al., 1988; Andersen et al., 1988). These
hypotheses are supported by our data. We have also shown
that a number of different types of cubic phases can exist, not
all of which may be structural intermediates from which an
Hj; phase can be easily formed. This point is clearly dem-
onstrated by our studies of di-(dl)-2-(3, 3-dimethyl-butyl)-
hexadecanoyl PC and di-(dl)-2-(2-ethyl-butyl)-hexadeca-
noyl PC, and has also been inferred from the work of Shy-
amsunder et al. (1988). We have also shown that one can
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produce diacyl PCs for which various cubic phases are stable
in an experimentally accessible temperature range by an ap-
propriate choice of main acyl chain length and substituent
group. This is significant because many non-lamella-forming
lipids do not form homogeneous stable cubic phases or do so
only after a fairly tedious protocol (see, for example,
Shyamsunder et al., 1988). The availability of these new
types of non-lamella-forming lipid species and the facility to
design lipid molecules that form specific types of nonlamel-
lar phases now make possible more definitive studies of the
structures of such phases and their conversion to other la-
mellar and nonlamellar structures. Also, although compa-
rable studies on lipids with other nominally lamella-forming
polar headgroups (e.g., phosphatidylserine, phosphatidylg-
lyerol, and diglucosyldiacylglycerol) have not yet been done,
it may be possible to produce non-lamella-forming analogues
of those lipids as well. With such molecules it should be
feasible to design experiments that require fine control over
the “non-lamella-forming tendencies” of a lipid bilayer using
almost any lipid polar headgroup. Such a facility may be
especially useful in studies of the effect of non-lamella-
forming lipids on the biological activity of intrinsic or other
membrane-associated proteins. The ability to dramatically
alter the non-lamella-forming potential of a lipid bilayer
without introducing any variations in polar headgroup com-
position should simplify the design of such experiments and
the interpretation of the ensuing results.

Finally, the activity of protein kinase C was recently
shown to be increased by diacyl PCs with hydrophobic
groups near to the bilayer polar/apolar interface (Charp et al.,
1988). These results are very interesting given our demon-
stration that the substitution of hydrophobic groups near
the polar/apolar interfacial region of the lipid bilayer pro-
motes the formation of nonlamellar phases and previous
demonstrations that protein kinase C is activated by non-
lamella-forming lipids (see Epand and Bottega, 1988;
Epand et al., 1988). Because the possibility that the lipids
used by Charp et al., (1988) may have an enhanced non-
lamella-forming potential was not recognized by the au-
thors, it would be very interesting if their results were re-
evaluated with due consideration to the findings presented
here.

We are indebted to Dr. Brian D. Sykes of the Department of Biochemistry
at the University of Alberta for the generous availability of time on the NMR
spectrometer and to the reviewers for their helpful comments.

This work was supported by operating and major equipment grants from the
Medical Research Council of Canada (RNM), major equipment grants from
the Alberta Heritage Foundation for Medical Research (RNM), NIH grant
GM32614 (SMG), DOE grant (DE-FG02-87ER60522 (SMG), NIH train-
eeship grant ST32GM07312 (DCT), a New Jersey Garden State Fellowship
(DCT), and by fellowships from the United States National Science Foun-
dation and the Liposome Company (PEH).

REFERENCES

Andersen, D. M., S. M. Gruner, and S. Lieber. 1988. Geometrical aspects
of the fustration in the cubic phases of lyotropic liquid crystals. Proc. Natl.
Acad. Sci. USA. 85:5364-5368.



1102 Biophysical Journal

Barton, P. G., and F. D. Gunstone. 1975. Hydrocarbon chain packing and
molecular motion in phospholipid bilayers formed from unsaturated
lecithins. Synthesis and properties of sixteen positional isomers of 1:2
dioctadecenoyl-sn-glycero-3-phosphorylcholine. J. Biol. Chem. 250:
4470-4476.

Bhakoo, M., R. N. A. H. Lewis, and R. N. McElhaney. 1987. Isolation and
characterization of a novel monoacylated glucopyranosyl neutral lipid
from the plasma membrane of Acholeplasma laidlawii B. Biochim.
Biophys. Acta. 922:34-45.

Brezesinski, G., B. Dobner, H.-D. Dorfler, M. Fischer, S. Haas, and P. Nuhn.
1987. Influence of a-branched fatty acids on the thermotropic behavior
of 1-O-acyl-2-O-hexadecyl glycerophosphocholines. Chem. Phys. Lipids.
43:257-264.

Brezesinski, G., H.-D. Dorfler, P. Nuhn, and B. Dobner. 1983. Influence of
chain branching on the thermotropic phase behavior of homologous leci-
thins in the water saturated 2 phase region. Stud. Biophys. 96:21-28.

Charp, P. A,, Q. Zhou, M. G. Wood, R. L. Raynor, F. M. Menger, and J.
F. Kuo. 1988. Synthetic branched chain analogues of distearoylphos-
phatidyl-choline: structure activity relationship in inhibiting and activat-
ing protein kinase C. Biochemistry. 27:4607-4612.

Church, S. E,, D. J. Griffiths, R. N. A. H. Lewis, R. N. McElhaney, and H.
H. Wickman. 1986. X-ray structure study of thermotropic phases in
isoacylphosphatidylcholine multibilayers. Biophys. J. 49:597-605.

Cullis, P. R., B. de Kruijff, M. J. Hope, A. J. Verkleij, R. Nayar, S. B. Farren,
C. Tilcock, T. D. Madden, and M. B. Bally. 1983. Structural properties
of lipids and their functional roles in biological membranes. In Membrane
Fluidity in Biology. Vol 1. Academic Press, New York. 39-81.

Ellens, H., D. P. Siegel, D. Alford, P. L. Yeagle, L. Boni, L. J. Lis, P. J.
Quinn, and J. Bentz. 1989. Membrane fusion and inverted phases.
Biochemistry. 28:3692-3703.

Epand, R. M,, and R. Bottega. 1988. Determination of the phase behavior
of phosphatidylethanolamines admixed with other lipids and the effects
of calcium chloride. Implications for protein kinase C regulation.
Biochim. Biophys. Acta. 944:144-154.

Epand, R. M., A. R. Stafford, J. J. Cheetham, R. Bottega, and E. H. Ball.
1988. The relationship between the bilayer to hexagonal phase transition
temperature in membranes and protein kinase C activity. Biosci. Rep.
8:49-54.

Goldfine, H., J. J. C. Rosenthal, and N. C. Johnston. 1987a. Lipid shape as
a determinant of lipid composition in Clostrudium butyricum: Effects of
incorporation of various fatty acids on the ratios of the major ether lipids.
Biochim. Biophys. Acta. 904:283-289.

Goldfine, H., Johnston, N. C., Mattai, J., and Shipley, G. G. 1987b. Regu-
lation of bilayer stability in Clostrudium butyricum: Studies on the poly-
morphic phase behavior of ether lipids. Biochemistry. 26:2814-2822.

Gruner, S. M. 1985. Intrinsic curature hypothesis for biomembrane lipid
composition: A role for non-bilayer lipids. Proc. Natl. Acad. Sci. USA.
82:3665-3669.

Gruner, S. M,, P. R. Cullis, M. J. Hope, and C. P. S. Tilcock. 1985. Lipid
polymorphism: The molecular basis of non bilayer phases. Annu. Rev.
Biophys. Chem. 14:211-238.

Gruner, S. M. 1989. Stability of lyotropic phases with curved interfaces.
J. Phys. Chem. 93:7562-7570.

Helfrich, W. 1980. Amphiphilic mesophases made of defects. In Physics of
Defects, R. Balian, M. Kleman, and J.-P. Poirier, editors. North-Holland,
Amsterdam. 716-755.

Hui, S.-W. 1987. Non-bilayer-forming lipids: Why are they necessary in
biomembranes? Comments Mol. Cell. Biophys. 4:233-248.

Hui, S.-W., and A. Sen. 1989. Efects of lipid packing on polymorphic phase
behavior and membrane properties. Proc. Natl. Acad. Sci. USA. 86:
5825-5829.

Israelachvilli, J. N., S. Marcelja, and R. G. Horn. 1980. Physical principles
of membrane organization Q. Rev. Biophys. 13:121-200.

Israelachvilli, J. N., D. J. Mitchell, and B. W. Ninham. 1977. Theory of self
assembly of lipid bilayers and vesicles. Biochim. Biophys. Acta. 470:
185-201.

Johnston, N. C., and H. Goldfine. 1985. Phospholipid aliphatic chain com-
position modulates lipid class composition, but not lipid asymmetry in
Clostridium butyricum. Biochim. Biophys. Acta. 813:10-18.

Keller, S. L., S. M. Bezrukov, S. M. Gruner, M. W. Tate, I. Vodanuy, and
V. A, Parsegian. 1993. Probability of alamethicin conductance states var-

Volume 66 April 1994

ies with the nonlamellar tendency of bilayer phospholipids. Biophys. J.
65:23-27.

Kirk, G. L., S. M. Gruner, and D. L. Steim. 1984. A thermodynamic model
of the lamellar to inverse hexagonal phase transition of lipid membrane-
water systems. Biochemistry. 23:1093-1102.

Lewis, R. N. A. H,, A. W. B. Yue, R. N. McElhaney, D. C. Turner, and S.
M. Gruner. 1990. Thermotropic characterization of the 2-O-acyl, poly-
prenyl a-d-glucopyranoside from palmitate enriched Acholeplasma
laidlawii B membranes. Biochim. Biophys. Acta. 1026:21-28.

Lewis, R. N. A. H., B. D. Sykes, and R. N. McElhaney. 1988. Thermotropic
phase behavior of model membranes composed of phosphatidylcholines
containing cis-monounsaturaed acyl chain homologues of oleic Acid. Dif-
ferential scanning calorimetric and 3!P-NMR spectroscopic studies.
Biochemistry. 27:880-887.

Lewis, R. N. A. H,, D. A. Mannock, R. N. McElhaney, D. C. Turner, and
S. M. Gruner. 1989. The effect of fatty acyl chain length and structure
on the lamellar gel to liquid-crystalline and lamellar to reversed hexagonal
phase transitions of aqueous phosphatidylethanolamine dispersions.
Biochemistry. 28:541-547.

Lewis, R. N. A. H., N. Mak, and R. N. McElhaney. 1987. Differential
scanning calorimetric study of the thermotropic phase behavior of model
membranes composed of phosphatidylcholines containing linear satu-
rated fatty acyl chains. Biochemistry. 26:6118-6126.

Lewis, R. N. A. H,, and R. N. McElhaney. 1992. The mesomorphic phase
behavior of lipid bilayers. /n Structure of Biological Membranes. P. L.
Yeagle, editor. CRC Press, Boca Raton, FL. 73-155

Lewis, R. N. A. H,, and R. N. McElhaney. 1985. Thermotropic phase be-
havior of model membranes composed of phosphatidylcholines contain-
ing isobranched phosphatidylcholines. 1. Differential scanning calori-
metric studies. Biochemistry. 24:2431-2439.

Lewis, R. N. A. H,, and R. N. McElhaney. 1993. Calorimetric and spec-
troscopic studies of the polymorphic phase behavior of a homologous
series of n-saturated 1:2-diacyl phosphatidylethanolamines. Biophys. J.
64:1081-1096.

Lindblom, G. L., and Rilfors. 1989. Cubic phases and isotropic structures
formed by membrane lipids—possible biological relevance. Biochim.
Biophys. Acta. 988:221-256.

Lindblom, G., I. Brentel, M. Sjolund, G. Wikander, and A. Wieslander.
1986. Phase equilibria of membrane lipids from Acholeplasma laidlawii:
Importance of a single lipid forming nonlamellar phases. Biochemistry.
25:7502-7510.

Mannock, D. A., and R. N. McElhaney. 1991. Differential scanning calo-
rimetric and X-ray diffraction studies of a series of synthetic B-d-
galactosyl diacylglycerols. Biochem. Cell Biol. 69:863-867.

Mannock, D. A, R. N. A, H. Lewis, and R. N. McElhaney. 1990. Physical
properties of glycosyl diacylglycerols. 1. Calorimetric studies of a ho-
mologous series of 1:2-di-O-acyl-3-O-(a-d-Glucopyranosyl)-sn-glycer-
ols. Biochemistry. 29:7790-7799.

Mannock, D. A, R. N. A. H. Lewis, A. Sen, and R. N. McElhaney. 1988.
The physical properties of glycosyl diacylglycerols. Calorimetric studies
of a homologous series of 1:2-di-O-acyl-3-O-(B-D-glucopyranosyl)-sn-
glycerols. Biochemistry. 27:6852—6859.

Mariani, P., Luzzati, V., and Delacroix, H. 1988. Cubic phases of lipid
containing systems: Structure analysis and biological applications. J. Mol.
Biol. 204:165-189.

McElhaney, R. M. 1989. The influence of membrane lipid composition and
physical properties on membrane structure and function in Acholeplasma
laidlawii. CRC Crit. Rev. Microbiol. 17:1-32.

McElhaney R. N. 1984. The structure and function of the Acholeplasma
laidlawii plasma membrane. Biochim. Biophys. Acta.79:1-42.

Menger, F. M., M. G. Wood, S. Richardson, Q. Zhou, A. R. Elrington, and
M. J. Sherrod. 1988a. Chain substituted lipids in monolayer films. A study
of molecular packing. J. Am. Chem. Soc. 110:6797-6803.

Menger, F. M., M. G. Wood, Q. Zhou, H. P. Hopkins, and J. Fumero. 1988b.
Thermotropic properties of synthetic chain substituted phosphatidylcho-
lines: Effects of substituent size, polarity, number and location on mo-
lecular packing in bilayers. J. Am. Chem. Soc. 110:6804—6810.

Nuhn, P., G. Brezesinski, B. Dobner, G. Forster, M. Gutheil, and H.-D.
Dorfler. 1986. Synthesis calorimetry and x-ray diffraction of lecithins
containing branched fatty acid chains. Chem. Phys. Lipids. 39:
221-236.



Lewis et al.

Patel, K., M., J. D. Morriset, and J. T. Sparrow. 1979. A convenient synthesis
of phosphatidylcholines: acylation of sn-glycero-3-phosphocholine with
fatty acid and 4-pyrrolidinopyridine. J. Lipid Res. 20:674—677.

Petrov, A. G., and 1. Bivas. 1984. Elastic and flexoelectic aspects of out-
of-plane fluctuations in biological and model membranes. Prog. Surface
Sci. 16:389-512.

Raetz, C. R. H. 1982. Genetic control of phospholipid bilayer assembly. In
Phospholipids. J. N. Hawthorne and G. B. Ansell, editors. New Com-
prehensive Biochemistry, Vol 4. Elsevier Biomedical Press, 435-477.

Raheja, R. K., C. Kaur, A. Singh, and I. S. Bhatia. 1973. New colorimetric
method for the quantitative estimation of phospholipids without acid di-
gestion. J. Lipid Res. 14:695-697.

Rand, R. P., D. Chapman, and K. Larsson. 1975. Tilted hydrocarbon chains
of dipalmitoyl lecithin become perpendicular to the bilayer before melt-
ing. Biophys. J. 15:1117-1124.

Reynolds, G. T., J. R. Milch, and S. M. Gruner. 1978. A high sensitivity
image intensifier-TV detector for x-ray diffraction studies. Rev. Sci. In-
strum. 49:1241-1249.

Rilfors, L., Lindblom G., Wieslander A., and Christiansson A. 1984, Lipid
bilayer stability in biological membranes. /n Membrane Fluidity. M.
Kates and L. A. Manson, editors. Biomembranes. Vol. 12. Plenum Press,
New York. 205-245.

Seddon, J. M. 1990. Structure of the inverted hexagonal (Hy;) phase and
nonlamellar phase transitions of lipids. Biochim. Biophys. Acta. 1031:
1-69.

Seddon, J. M., G. Cevc, R. D. Kaye, and D. Marsh. 1984. X-ray diffraction
study of the polymorphism of hydrated diacyl and dialkylphosphati-
dylethanolamines. Biochemistry. 23:2634-2644.

Seddon, J. M,, Cevc, G., and Marsh, D. 1983. Calorimetric studies of the
gel-fluid (Lg-L,) and lamellar-inverted hexagonal (L.-Hy) phase tran-
sitions in dialkyl- and diacylphosphatidylethanolamines. Biochemistry.
22:1280-1289.

Seddon, J. M., J. L. Hogan, N. A. Warrender, and A. Pebay-Peyroula. 1990.
Structural studies of phospholipid cubic phases. Prog. Colloid Polymer
Sci. 81:189-197. .

Seelig, J. 1978. 3'P Nuclear magnetic resonance and headgroup structure of
phospholipids in membranes. Biochim. Biophys. Acta. 515:105-140.
Shyamsunder, E., S. M. Gruner, M. W. Tate, D. C. Turner, P. T. C. So,and C.
P. S. Tilcock. 1988. Observation of inverted cubic phase in hydrated
dioleoylphosphatidylethanolamine membranes. Biochemistry. 27:

2332-2336.

Siegel D. P. 1986a. Inverted micellar intermediates and the transitions be-
tween lamellar, cubic and inverted hexagonal phases. I. Mechanism of the
L,YH;; phase transitions. Biophys. J. 49:1155-1170.

Siegel D. P. 1986b. Inverted micellar intermediates and the transitions be-

Phase Behavior of Non-Lamella-Forming PCs 1103

tween lamellar, cubic and inverted hexagonal phases. II. Implications for
membrane-menbrane interactions and membrane fusion. Biophys. J. 49:
1171-1183.

Siegel, D. P., Banschbach, J., Alford, D., Ellens, H., Lis, L. J., Quinn, P.
J., Yeagle, P. L., and Bentz, J. 1989. Physiological levels of diacylglyc-
erols in phospholipid membranes induce membrane fusion and stabilize
inverted phases. Biochemistry. 28:3703-3709.

Silvius, J. R. 1982. Thermotropic phase transitions of pure lipids and their
modification by membrane proteins. In Lipid Protein Interactions. Vol.
2. P. C. Jost and O. H. Griffith, editors. John Wiley and Sons, New York.
239-281,

Silvius, J. R., N. Mak, and R. N. McElhaney. 1980. Lipid and protein com-
position and thermotropic lipid phase transitions in fatty acid homogenous
membranes of Acholeplasma laidlawii B. Biochim. Biophys. Acta. 597:
199-215.

Singer S. J, and G. L. Nicholson 1972. The fluid mosiac model of the
structure of cell membranes. Cell membranes are viewed as two-
dimensional solutions of oriented globular proteins and lipids. Science
(Wash. DC). 175:720-731.

Tardieu, A., V. Luzzatti, and F. C. Reman. 1973. Structure and polymor-
phism of the hydrocarbon chains of lipids: A study of lecithin-water
phases. J. Mol. Biol. 75:711-733.

Tate, M. W., E. F. Eikenberry, D. C. Turner, E. Shysamsunder, and S. M.
Gruner. 1991. Nonbilayer phases of membrane lipids. Chem. Phys.
Lipids. 57:147-164.

Thayer, A. M., and S. J. Kohler. 1981. Phosphorous 31 nuclear magnetic
resonance spectra characteristic of hexagonal and isotropic phospholipid
phases generated from phosphatidylethanolamine in the gel phase.
Biochemistry. 20:6831-6834.

Tilcock, C. P. S., P. R. Cullis, and S. M. Gruner. 1986. On the validity of
31P-NMR determinations of phospholipid polymorphic phase behavior.
Chem. Phys. Lipids. 40:47-56.

Verkleij A. J., C. Mombers, W. J. Gerritsen, L. Leunissen-Bijvelt, and P.
R. Cullis. 1979. Fusion of phospholipid vesicles in association with the
appearance of lipidic particles as visualized by freeze fracturing. Biochim.
Biophys. Acta. 555:358-361.

Wieslander, A., A. Christainsson, L. Rilfors, and G. Lindblom. 1980. Lipid
bilayer stability in membranes. Regulation of lipid composition in Acko-
leplasma laidlawii as governed by molecular shape. Biochemistry. 19:
3650-55.

Wieslander, A., A. Christainsson, L. Rilfors, A. Khan, L. B-A. Johansson,
and G. Lindblom. 1981. Lipid phase structure governs the regulation of
lipid composition in membranes of Acoleplasma laidlawii. FEBS Lett.
124:273-278.



