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ABSTRACT: The ether-linked phospholipid 1,2-dihexadecylphosphatidylethanolamine (DHPE) was studied 
as a function of hydration and in fully hydrated mixed phospholipid systems with its ester-linked analogue 
1,2-dipalmitoylphosphatidylethanolamine (DPPE). A combination of differential scanning calorimetry (DSC) 
and X-ray diffraction was used to examine the phase behavior of these lipids. By DSC, from 0 to 10 wt 
% H 2 0 ,  DHPE displayed a single reversible transition that decreased from 95.2 to 78.8 OC and which was 
shown by X-ray diffraction data to be a direct bilayer gel to inverted hexagonal conversion, L8 - HII. Above 
15% H20,  two reversible transitions were observed which stabilized at  67.1 and 92.3 OC above 19% H 2 0 .  
X-ray diffraction data of fully hydrated DHPE confirmed the lower temperature transition to be a bilayer 
gel to bilayer liquid-crystalline (L, - La) phase transition and the higher temperature transition to be a 
bilayer liquid-crystalline to inverted hexagonal (La - HII) phase transition. The lamellar repeat distance 
of gel-state DHPE increased as a function of hydration to a limiting value of 62.5 A at 19% H,O (8.6 mol 
of water/mol of DHPE), which corresponds to the hydration at  which the transition temperatures are seen 
to stabilize by DSC. Electron density profiles of DHPE, in addition to calculations of the lipid layer thickness, 
confirmed that DHPE in the gel state forms a noninterdigitated bilayer a t  all hydrations. Fully hydrated 
mixed phospholipid systems of DHPE and DPPE exhibited two reversible transitions by DSC. X-ray 
diffraction data of a mixture containing 10 mol % DPPE identified the lower temperature transition as an 
L - La phase transition and the higher temperature transition as an La - HII phase transition. Addition 
o ~ D H P E  to DPPE slightly increased the L, -+ La transition temperature in a linear fashion, suggesting 
complete miscibility of the L, and La phases. Increasing amounts of DHPE in DPPE decreased by a greater 
amount the temperature of the La - HII transition from the extrapolated value in DPPE. The presence 
of the ether linkage apparently stabilized the L, and HII phases and destabilized the La phase in the mixed 
DHPE/DPPE system. 

%e bilayer matrix of plasma cell membranes is comprised 
of a complex mixture of different glycerol-based and sphin- 
gosine-based polar lipids. The appropriate blend of phos- 
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pholipids, sphingomyelins, and glycosphingolipids, together 
with cholesterol, apparently assembles to form the stable lipid 
bilayer which provides both a general permeability barrier and 
the matrix into which specific functional membrane proteins 
(channels, receptors, enzymes, etc.) are asymmetrically in- 
corporated. While many individual membrane lipids [e.g., 
phosphatidylcholine (PC), sphingomyelin, cerebroside, di- 
glycosyldiglyceride (DGDG) J spontaneously assemble to form 
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bilayers, others form nonbilayer structures such as the hex- 
agonal (HI*) phase [e.g., phosphatidylethanolamine (PE), 
monoglycosyldiglyceride (MGDG)] or even spherical micelles 
(gangliosides). In some bacterial membranes, the bilayer/ 
nonbilayer lipid composition is apparently regulated. For 
example, in Acholeplasma laidlawii, the DGDG/MGDG ratio 
responds to manipulations of the membrane fatty acid com- 
position (Wieslander et al., 1980, 1981a,b); a similar effect 
has been noted in Clostridium butyricum where the ratio of 
bilayer-forming glycerol acetal PE to hexagonal-preferring PE 
again responds to alterations in fatty acid composition 
(Goldfine et al., 1987). Whether these gross structural 
properties of the individual lipid components are used in regions 
of membranes responsible for specific functions, e.g., HI1- 
forming lipids in lipid/protein interactions or fusion sites, 
remains to be established. 

Our own work in this field has focused initially on cate- 
gorizing the structure and properties of membrane polar lipids. 
For example, we have monitored the effects of variations in 
polar head-group structure [PE (Chapman et al., 1966; 
Hitchcock et al., 1974), methylated PES (Mulukutla & 
Shipley, 1984), PC (Janiak et al., 1976, 1979; Ruocco & 
Shipley, 1982a,b), phosphatidylserine (PS: Hauser et al., 
1982), etc.] and hydrocarbon chain length, unsaturation, and 
distribution (Serrallach et al., 1983; Mattai et al., 1987; Shah 
et al., 1990). While it is clear that variations in both polar 
group and chain moieties influence lipid structure and prop- 
erties, recent studies have suggested that alterations in the 
mode of chain linkage to the glycerol are also important. For 
example, for PC, substituting ether linkages (alkyl) for ester 
(acyl) linkages for the attachment of chains at the sn-1 and 
sn-2 positions influences both the thermotropic and structural 
properties. Most striking is the conversion of the usual bilayer 
gel phase of the ester-linked dipalmitoyl-PC, DPPC, to a 
chain-interdigitated “monolayer” structure for the ether-linked 
dihexadecyl-PC, DHPC (Ruocco et al., 1985; Kim et al., 
1987a; Laggner et al., 1987). More recently, our studies of 
1-hexadecyl-2-palmitoyl-PC (HPPC) demonstrate that sub- 
stitution at only the sn-1 position is sufficient to promote 
formation of an interdigitated gel phase (Haas et al., 1990). 
Current studies of its positional isomer (1-palmitoyl-2-hexa- 
decyl-PC, PHPC) should reveal the molecular linkage and 
perhaps conformational requirements underlying this change 
in molecular packing (F. S .  Hing, R. A. Duclos, and G. G. 
Shipley, unpublished results). In mixed DPPC/DHPC sys- 
tems, both types of gel phase are formed (bilayer or interdi- 
gitated monolayer) depending on the composition (Kim et al., 
1987b; Lohner et al., 1987). 

The PES found in both animal and bacterial membranes 
often contain significant amounts of PE with chains attached 
at the sn-1 position by ether (or vinyl ether, Le., plasmalogen) 
linkages, and minor amounts of dialkylphospholipids are found 
in some tissues [see Snyder (1985) for a review]. It has been 
shown that substituting ether for ester linkage lowers the 
bilayer La - HII transition temperature but has little effect 
on the lower gel - La transition (Boggs et al., 1981; Seddon 
et al., 1983). Using primarily scanning calorimetry and X-ray 
diffraction, Seddon and co-workers have provided an excellent 
picture of the phase behavior of a series of ester- and ether- 
linked PES (Seddon et al., 1983, 1984). In the present study, 
we focus on the hydration dependence of the structure and 
properties of one member of the ether-linked series, dihexa- 
decyl-PE (DHPE), and then determine its interactions with 
its ester-linked analogue dipalmitoyl-PE (DPPE). A study 
of the interactions of the two ether-linked phospholipids, 
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DHPE and DHPC, will be the subject of a separate report 
(Hing & Shipley, 1991). 

MATERIALS AND METHODS 
DHPE was obtained from 

Berchtold (Berne, Switzerland) and purified by column 
chromatography with Iatrobeads 8060 (Iatron Laboratories, 
Tokyo, Japan). The DHPE was shown to be >98% pure by 
thin-layer chromatography (TLC) using the solvent system 
CHCl,/MeOH/H20 (65/25/4 v/v). 

Samples for differential scanning calorimetry (DSC) were 
prepared by weighing anhydrous DHPE into stainless-steel 
pans. A known aliquot of distilled, deionized water was added, 
and the pans were sealed and weighed again to determine 
hydration (expressed as weight percentage of water). DSC 
was performed on a Perkin-Elmer (Norwalk, CT) DSC-2 
calorimeter equipped with a thermal analysis data station 
(Model 3500). Calorimetry was performed at heating/cooling 
rates of 5 OC/min over the temperature range 0-98 OC. 
Samples were heated and cooled at least 3 times to equilibrate. 
Transition temperatures were determined from the midpoint 
of the transition peak, and transition enthalpies were deter- 
mined from the area under the peak. A gallium standard was 
used to calibrate temperatures and enthalpies. Identification 
of the phases was made by performing X-ray diffraction of 
the lipid at a temperature above and below the phase transition. 
Additional DSC experiments were performed on fully hydrated 
DHPE and a mixture of DHPE and DPPE with a Microcal-2 
calorimeter (Amherst, MA). Aqueous dispersions (5-7 
mg/mL) were examined at heating rates of 90 and 10 OC/h. 

X-ray diffraction samples were made by weighing DHPE 
into a 1 -0-mm quartz capillary followed by a known amount 
of distilled, deionized water. Capillaries were then sealed and 
heated above the chain-melting transition temperature while 
simultaneously being centrifuged in a clinical centrifuge at high 
speed. Samples were inverted and centrifuged back and forth 
in the capillary several times in order to achieve homogeneous 
mixing. X-ray diffraction patterns were recorded on photo- 
graphic film using nickel-filtered Cu Ka  radiation (A = 1.5418 
A) from an Elliott GX-6 rotating-anode generator (Elliott 
Automation, Borehamwood, U.K.) and focused with either 
double-mirror (Franks, 1958) or toroidal (Elliott, 1965) optics. 
Microdensitometry was performed on a Joyce Loebl (Gates- 
head, U.K.) Model 111-CS scanning microdensitometer. 

Analysis of the structural parameters was performed ac- 
cording to the formalism of Luzzati (1968). From the bilayer 
periodicity (4, the thickness of the lipid bilayer (dJ, the water 
layer thickness (d,), and the area available to one lipid 
molecule (S) were calculated according to the formulas: 

DHPE Hydration Study. 

dl = 4 1  + ( v w / M  - c)/cl-’ 
d, = d - d1 

S = 2Mrvl/dI(N X 

where v, and vl are the partial specific volumes of water and 
lipid, respectively, C is the lipid concentration, M, is the 
molecular weight of the lipid, and N is Avogadro’s number. 
In calculations of structural parameters, the limiting hydration, 
as determined from the bilayer periodicity (d), was assumed 
for those DHPE samples with water contents above this 
amount. 

In order to calculate electron density profiles, the observed 
lamellar intensities, Z(h), were corrected for the Lorentz factor 
(in our geometry and for unoriented samples, this is propor- 
tional to h2), giving h2Z(h), and each hydration set was nor- 
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FIGURE 1: Representative DSC heating curves of hydrated DHPE 
(0.0-30.0 wt 9% H20). Heating rate, 5 OC/min. 

malized with respect to each other by using the intensity of 
the wide-angle reflection at  1 /4.18 A-'. The corresponding 
scaled, normalized structure amplitudes, F(h),  are plotted as 
a function of the reciprocal coordinate s (s = 2 sin O/A). 
Phasing of the lamellar reflections is done by inspection of the 
plotted amplitude data and by use of the Shannon sampling 
theorem (Shannon, 1949). The phase combination providing 
a satisfactory fit to all hydration amplitudes is selected. 

DHPE and DPPE 
(Berchtold, Berne, Switzerland) were found to be >98% pure 
by TLC in CHC13/MeOH/H20 (65/25/4 v/v) and were used 
without further purification. In order to make DHPE/DPPE 
mixtures of known molar ratio, appropriate amounts of each 
lipid were weighed into a small vial and dissolved in chloro- 
form. Solvent was blown off with nitrogen and then evaporated 
under vacuum overnight. Samples at full hydration (50 wt 
76 H20)  were prepared for DSC and X-ray diffraction, and 
examined as described above for pure DHPE samples. 

RESULTS 

DHPE Hydration Study 
DSC of Hydrated DHPE. DSC heating curves of DHPE 

at different hydrations (0.0-30.0 wt 76 H20)  are shown in 
Figure 1 .  At low hydration (510.0% H20) ,  a single, broad 
endothermic transition was observed which decreased in tem- 
perature (enthalpy and entropy) from 95.2 "C [ A H  = 14.3 
kcal/mol, A S  = 38.7 cal/(mol.K)J to 78.8 OC [AH = 10.3 
kcal/mol, AS = 29.3 cal/(mol.K)] (Figure 2). Above 10.0% 
H20, the DSC heating curve displayed two endothermic 
transitions which moved in opposite directions with increasing 

DHPEIDPPE Binary Mixtures. 
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FIGURE 2: Transition temperature of the L, - HI, transition (0), 
the L, - La transition (0), and the L, - Hn transition (A) of DHPE 
as a function of hydration. 

hydration (Figures 1 and 2). The lower temperature, high- 
enthalpy, high-entropy (gel to liquid-crystalline, L, - La) 
transition decreased in temperature with increasing hydration 
to 67.1 "C at 19.4% H 2 0  [AH = 7.7 kcal/mol, AS = 22.6 
cal/(mol.K)]. The high-temperature, low-enthalpy, low-en- 
tropy (liquid-crystalline to inverted hexagonal, La - HI,) 
transition stabilized at  92.9 OC [AH = 1.83 kcal/mol, AS = 
5.0 cal/(mol.K)] at the same hydration. The enthalpies and 
entropies for the L, - La chain-melting transition and the 
L, - HII transition changed little above 20.0% H 2 0  [L, - 
La, AH = 7.8-8.2 kcal/mol, A S  = 23-24 cal/(mol.K); La - 
HI1, AH = 1.53 -1.89 kcal/mol, L S  = 4.2-5.2 cal/(mol-K)]. 
Similar transition temperatures were observed for DHPE when 
run on a high-sensitivity calorimeter using a lipid concentration 
of 5.6 mg/mL at a much slower heating rate of 10 OC/h (data 
not shown). 

X-ray Diffraction of Hydrated DHPE. X-ray diffraction 
patterns of DHPE at various hydrations were recorded in the 
gel phase (22 "C). A representative diffraction pattern of a 
DHPE sample at  25.0% H 2 0  and 22 OC is shown in Figure 
3A. A series of lamellar reflections were observed corre- 
sponding to a bilayer repeat distance, d = 63.1 A. The 
wide-angle region showed a sharp symmetric reflection at  
1/4.18 8,-' indicating hexagonal packing of the alkyl chains. 
At 75 OC, a lamellar diffraction pattern was observed for 
DHPE at 50.0% H 2 0  (Figure 3B) with a diminished bilayer 
repeat of d = 49.2 8, using double-mirror optics. When re- 
corded by using toroidal focusing geometry, a diffuse band 
located at  1/4.5 A-' was visible, confirming the presence of 
a liquid-crystalline phase with melted alkyl chains at  this 
temperature (data not shown). At 95 OC and 30.4% H20,  
three low-angle reflections were observed (Figure 3C) which 
indexed in the ratio 1:0.579:0.503, in very good agreement with 
the predicted ratio of 1:( 1 /43) : (  1 / 4 4 ) ,  and thus identified 
this as a hexagonal HII phase. In addition, a direct gel to 
hexagonal phase transition (LB - HrI), with no intervening 
liquid-crystalline La phase, was observed for DHPE at a low 
hydration (10.2% H20)  (data not shown). 

The change in the bilayer periodicity of DHPE as a function 
of hydration at 22 "C is plotted in Figure 4, along with related 
structural parameters. DHPE at 22 OC exhibited fi lamellar 
repeat distance (6) which increased with increasing hydration 
from 57.9 to 63.1 over the range 5.5% H 2 0  to 18.7% H20. 
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FIGURE 3: Representative X-ray diffraction patterns of hydrated DHPE, recorded by using double-mirror optics: (A) 25.0 wt % H20,  T = 
22 "C; (B) 50.0 wt % H20, T = 75 "C; (C) 30.4 wt % H20, T = 95 "C. 

Above approximately 19% H20,  the repeat distance (d) re- 
mained constant at 62.5 f 0.9 A (mean f standard deviation). 
The lipid layer thickness (dJ ,  water layer thickness (dw), and 
surface area per DHPE molecule at the lipid/water interface 
(S) were calculated according to Luzzati (1 968), as described 
above, and by using the value for the partial specific volume 
of DHPE ( v ,  = 0.943 mL/g) determined by Seddon et al. 
(1984). As presented in Figure 4, dl decreases from 54.6 to 
50.8 A over the hydration range 5.5% H 2 0  to 18.7% H20.  
Meanwhile, dw increases from 3.3 to 12.3 A and S increases 
from 38.6 to 41.5 A2. Above the limiting hydration (- 19% 
H20), the d spacing is essentially independent of water content; 
therefore, the calculated structural parameters are assumed 
to remain constant above 19% H20. 

The intensities of the low-angle reflections for DHPE at 
different hydrations were analyzed to determine the changes 
in the structure amplitudes over the hydration range 5.5-21.5 
wt % H,O. This "swelling" study provided the phases of the 
structure amplitudes and has been applied previously to several 
phospholipid bilayer systems [for example, Torbet and Wilkins 
(1976), Janiak et al. (1 979), McDaniel et al. (1983), McIntosh 
and Simon (1 986), and Haas et al. (1 990)]. Intensities were 
corrected for Lorentz and polarization factors [I(h)*h2] and 
normalized with respect to each other. Normalized amplitudes 
plotted as a function of the reciprocal space s (s = 2 sin O/X) 
are shown in Figure 5A. The nodes are suggested by this plot 
and confirmed by use of the Shannon sampling theorem 
(Shannon, 1949; see also references for details). The derived 
phase sequence for n = 1-6 is -,+,-,-,+,- at all hydrations 
except for the sample containing 5.5% H 2 0  where a node was 
observed at n = 5.  The corresponding electron density profiles, 
p ( X ) ,  were calculated and are displayed in Figure 5B. A 
trough of low electron density is seen at X = 0 A for all 
hydrations and delineates the bilayer center. The two peaks 
at approximately f25 A define the location of the electron-rich 
phosphates of the head groups. Their separation (tipp) is 
another measure of bilayer thickness and suggests that this 
value (dFp 50 A) changes only slightly (A2 A) with changes 
in hydration (see also Figure 4). 

DHPEIDPPE Mixtures 
DSC of Fully Hydrated DHPEIDPPE Mixtures. DHPE 

at full hydration exhibits two endothermic transitions by DSC 

O " I  22°C 

ii 
4 0  

10  

4 0  - 
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** 10-  

0 -  I I I I 
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** 

10  2 0  30 4 0  5 0  

WEIGHT % WATER 
FIGURE 4: Bilayer structural parameters of DHPE as a function of 
water content at 22 "C. Bilayer periodicity, d (A) (0); bilayer 
thickness, d, (A) (A); water thickness, d, (A) (0); surface area per 
DHPE molecule at the lipid/water interface, S (A2) (A); phos- 
phate-phosphate separation, d,,,, (A) (0) from electron density profiles 
(see Figure 5B). 

(see Figure 6A): a low-temperature, high-enthalpy peak 
confirmed by X-ray diffraction data to be the L, - La 
transition and a high-temperature, low-enthalpy peak corre- 
sponding to the La - HI* phase transition (see above). As 
DPPE is added to DHPE in excess water, the two transitions 
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by Seddon et al. (1983) for fully hydrated DPPE. 
The enthalpy (expressed in calories per gram of total lipid) 

of the L, - L, transition appears to be independent of the 
DHPE/DPPE molar ratio, at  approximately 11.3 cal/g (data 
not shown). The enthalpy of the L, - HII transition of DHPE 
determined here is A H  = 1.4 cal/g. This enthalpy presumably 
decreases slightly, with increasing DPPE content (data not 
shown), to the enthalpy of the La - HI* transition of pure 
DPPE, AH = 0.43 cal/g [determined by Seddon et al. (1983)l; 
however, an insufficient number of mixtures exhibiting an La - HII transition were obtained to enable us to detect with 
certainty the trend in the transition enthalpy with changing 
DHPE/DPPE molar ratio. 

X-ray Diffraction of Fully Hydrated DHPEIDPPE Mix- 
tures. Representative X-ray diffraction patterns of a mixture 
of DHPE and DPPE containing 10 mol % DPPE at 22, 75, 
and 95 OC are shown in panels A, B, and C, respectively, of 
Figure 7. At 22 OC (Figure 7A), a sharp symmetric reflection 
at 1/4-18 indicative of rigid hydrocarbon chains, and a 
lamellar diffraction pattern in the low-angle region, with d = 
62.2 A, indicate that this mixture is a bilayer in the gel state, 
L,, at  this temperature. At 75 OC (Figure 7B), the sharp 
reflection at  1/4-18 8,-l is replaced by a broad, diffuse band 
centered at  1/4.6 8,-' reflecting the loss of close packing of 
the hydrocarbon chains. A lamellar diffraction pattern is still 
observed in the low-angle region but with a reduced periodicity 
of d = 49.9 A. Taken together, these data indicate the 
presence of a bilayer with melted chains, the liquid-crystalline 
L, phase. When the temperature is raised to 95 OC (Figure 
7C), the broad, diffuse band in the wide-angle region is still 
visible centered at 1/4.6 A-', indicating that the hydrocarbon 
chains are still in the melted state. However, a lamellar 
diffraction pattern is no longer present. Instead, three re- 
flections at  low angle are observed which index in the ratio 
1:0.587:0.5, in reasonable agreement with the ratio of l : ( l /  
4 3 ) : (  1 / 4 4 )  which is considered diagnostic for a hexagonal 
HII phase. Thus, the X-ray diffraction data along with the 
DSC data (Figure 6A) show that the mixture of 10 mol % 
DPPE in DHPE undergoes an L, - L, transition at  68.1 OC 
(AH = 11.5 cal/g) and an L, - HII transition at 89.8 OC (AH 
= 1.3 cal/g). 

The measured d spacing for a number of DHPE/DPPE 
mixtures at  22 "C remains essentially constant at 62.1 f 0.4 
8, (data not shown). The bilayer periodicity of DHPE/DPPE 
mixtures in the L, phase at 75 OC increases only slightly from 
49.9 8, at 0 mol '% DPPE to 51.8 8, at 100 mol % DPPE in 
an approximately linear fashion (data not shown). Mea- 
surements of the wide-angle reflections above and below the 
main transition of several mixtures reveal a sharp reflection 
at approximately 1/4.15 8,-* at 22 OC which becomes a broad 
diffuse band centered at  1/4.6 8,-' at 75 OC, denoting chain 
melting as with hydrated DHPE samples. 

DISCUSSION 
In this study, we examined the contributions of the phos- 

pholipid head group and the linkage of the hydrocarbon chains 
to thermotropic behavior as well as their effects on structure. 
This was done by examining DHPE, the ethanolamine 
counterpart of DHPC, alone and in mixtures with the corre- 
sponding ester phosphatidylethanolamine, DPPE. 

Ether-linked phosphatidylcholines (PCs), mixtures of ether- 
and ester-linked PCs, and PCs containing both an ether and 
an ester linkage on the same molecule can all form interdi- 
gitated bilayers in the gel phase (Kim et al., 1987a,b; Laggner 
et al., 1987; Lohner et al., 1987; Haas et al., 1990). In con- 
trast, X-ray diffraction data shown here clearly demonstrate 

".OO .02 .04 .06, .08 .10 .12 

S ( I i A )  

96 H20 
22OC B 

25.5 

a &"a 21.5 

0 
u) * 
U 
a 
a 
k m a a - 
> 
c 

19.8 

18.7 

16.9 

g n \"J/ 14.4 

1 " ' I  
-40 0 40 

4, 
FIGURE 5 :  (A) Structure amplitudes of DHPE bilayers at 22 O C :  5.5 

(0).  The continuous line is the amplitude curve for the 21.5 wt % 
H20 data set calculated by using the Shannon sampling theory (see 
text). (B) Electron density profiles, p ( X ) ,  of DHPE at different 
hydrations at 22 O C .  

move in opposite directions (see Figure 6A,B). The L, - L, 
transition shows a small linear decrease as the mole percent 
of DPPE is increased, from 66.5 OC for fully hydrated DHPE 
to 63.5 OC for fully hydrated DPPE. A mixture containing 
52.5 mol % DPPE and run on a high-sensitivity calorimeter 
(6.4 mg/mL, 10 OC/h) showed an L, - L, transition oc- 
curring at a similar temperature as the same mixture at 50% 
H 2 0  run on the DSC-2 (data not shown). In contrast, the La - HI, transition of DHPE/DPPE mixtures increases ap- 
proximately linearly with increasing DPPE, from 86.3 "C at 
0 mol 9% DPPE to 96.5 OC at 33.2 mol % DPPE. Above 33.2 
mol % DPPE, the higher L, - HII transition was not observed 
in the temperature range scanned (0-98 "C) and was pre- 
sumed to occur above 98 OC in these mixtures. Extrapolation 
of the observed La - HI, transition temperatures to greater 
amounts of DPPE gives a transition temperature for the L, - HI1 transition of DPPE of 118 OC (see Figure 6B). This 
compares reasonably well with the value of 123 OC obtained 

W t  % H20 (0); 9.5 wt % H20 (0); 12.8 wt % H20 (A); 14.4 wt % 
H20 (V); 16.9 wt % H2O ( 0 ) ;  18.7 wt % HZ0 (B); 21.5 wt % H20 
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FIGURE 6: (A) Representative DSC heating curves of fully hydrated (50 wt 95 HzO) DHPE/DPPE mixtures. (B) Transition temperatures 
(degrees centigrade) of LB - La (0) and La - HI, (A); data shown in parentheses were obtained from Seddon et al. (1983). 

FIGURE 7: Representative X-ray diffraction patterns of a fully hydrated DHPE/DPPE mixture (50 wt 95 HzO) containing 10 mol %J DPPE, 
recorded by using toroidal optics: (A) 22 OC; (B) 75 OC; (C) 95 O C .  

that DHPE is in a noninterdigitated form both above and 
below the chain-melting phase transition at all hydrations. The 
inverted hexagonal phase (HI,) is also seen in DHPE but not 
in DHPC, suggesting that both head group and chain linkage 
contribute in some way to form the observed structures. 

Calorimetric evidence shows that the La - HII phase 
transition temperature decreases with decreasing hydration 
while just the opposite occurs for the L8 - La phase transition 
(Figures 1 and 2). Therefore, it appears that lower water 
contents destabilize the La phase and stabilize both the L8 and 
HII phases until at very low hydration (- 10 wt 96 H20)  the 
L, phase converts directly to the HII phase. A direct L8 - 

HII phase transition has previously been demonstrated to m r  
in a mixture of DPPC and palmitic acid at low pH and in 
distearoylphosphatidylethanolamine (DSPE), in saturated 
NaCl (Marsh & Seddon, 1982). It has also been observed 
in DHPE alone (Caffrey, 1985), as well as in saturated NaCl 
(Marsh & Seddon, 1982). The phase diagram which has been 
constructed for DHPE in combination with water is in basic 
agreement with the findings of Seddon et al. (1 983) for other 
PES, and also with the studies of Caffrey (1 985) for hydrated 
DHPE. Above the limiting hydration of 19 wt 96 H20,  DSC 
reveals little change occurring in the transition temperatures, 
AH, or LS of the phase transitions of DHPE with increasing 
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hydration. Therefore, above the limiting hydration, the 
structure remains stable. For the L, phase, the X-ray dif- 
fraction data support this conslusion since above 19 wt 7% H20 
(8.6 mol of water/mol of DHPE) the d spacing is found to 
remain approximately constant at  62 A. 

The calculated values of d, and d,  for the L, phase at  22 
OC (Figure 4) show that the initial increase in the d spacing 
is due to an increase in the thickness of the water layer. At 
low hydration, dl is seen to decrease with increasing water 
content up to the limiting hydration. It is not known, however, 
whether this reflects a real decrease in the lipid bilayer (since 
the calculation assumes that there is no overlap of dl and d,). 
This trend is, however, seen in other lipid systems [see, for 
example, Janiak et al. (1979) and Kim et al. (1 987a)l. The 
values for S change relatively little with increasing hydration. 
PC bilayers, on the other hand, which have a greater hydration 
capacity, show a larger change in surface area ( S )  over their 
more extended hydration range (Janiak et al., 1979; Kim et 
al., 1987a; Haas et al., 1990). The values of S are also higher 
for DHPC in a noninterdigitated gel phase bilayer than for 
DHPE in a similar state which likely reflects the larger head 
group of PCs such that a larger surface area is required to 
accommodate it. Similarly, an interdigitated bilayer shows 
a greatly increased surface area, s N 75 A2, as a consequence 
of the added volume of the hydrocarbon chains from the op- 
posite side of the bilayer (Kim et al., 1987a). The value for 
S above the limiting hydration of DHPE in the gel phase, 
calculated here ( S  = 42.1 f 0.6 A2), is identical with that 
obtained by Seddon et al. (1984) for gel phase didodecyl- 
phosphatidylethanolamine (DDPE) but is less than that of 
diarachidonylphosphatidylethanolamine (DAPE) ( S  = 46.8 
A2), also in the gel phase. This difference is likely due to the 
significant tilt of the hydrocarbon chains of DAPE with respect 
to the bilayer normal whereas the hydrocarbon chains of 
DDPE are approximately parallel with the bilayer normal 
(Seddon et al., 1984). The hydrocarbon chains of DHPE in 
the gel state are also approximately parallel to the bilayer 
normal as evidenced by the sharp symmetric reflection in the 
X-ray diffraction pattern at 1 /4.18 A, and the fact that the 
calculated surface area S (Figure 4) is approximately twice 
the cross-sectional area of a single hydrocarbon chain (20 A2). 
Consequently, factors such as chain tilt, head-group size, and 
chain interdigitation all influence the surface area per lipid 
molecule. 

Electron density profiles appear as expected (Figure 5B) 
and show a trough in the center of a bilayer which clearly 
indicates a noninterdigitated bilayer structure. One does not 
expect a trough in the electron density profile to occur in the 
center of the bilayer in an interdigitated structure due to 
overlap of the hydrocarbon chains from opposite sides of the 
bilayer [see Kim et al. (1987a)l. Two peaks corresponding 
to the phosphate groups on opposite sides of the bilayer are 
also observed. The values of dn agree well with d, above 19% 
H 2 0  even though they measure different structural parameters. 
Diffraction patterns were not systematically recorded in the 
La and HII phases because of the high temperature of the La - HI1 transition; therefore, the change in the structural pa- 
rameters with hydration was not followed in these phases. The 
structural changes of DHPE with temperature and hydration 
are summarized in Figure 8. 

In mixtures of DHPE and DPPE, the temperature of the 
L, - La phase transition increases slightly while the La - 
HI1 transition temperature decreases much more with in- 
creasing amounts of DHPE (Figure 6B), both changes oc- 
curring in a reasonably linear fashion. The implication is that 
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FIGURE 8: Structural representation of the hydration- and temper- 
ature-dependent transitions of DHPE. At low hydrations, a direct 
and reversible L, - HI1 transition is observed. At approximately 15 
wt 76 H 2 0  and above, an intermediate L, phase occurs, L, - La - 
HIP 

the ether linkage is stabilizing both the L, and HII phases at  
the expense of the La phase. These results are consistent with 
the findings of Seddon et al. (1984), who found that pertur- 
bations of PES (e.g., chain length, salt concentration) caused 
opposite changes in the temperatures of their L, - La and 
La - HII phase transitions. This is not always the case, 
however, and the transition temperatures may shift in the same 
direction (Epand et al., 1988). The transition temperatures 
change approximately linearly from the corresponding tran- 
sition temperatures in pure DPPE, suggesting complete mis- 
cibility of DHPE and DPPE in all three phases (L,, La, HI1). 
The X-ray diffraction data also argue for the existence of a 
single phase in DHPE/DPPE mixtures since only one phase 
could be observed in X-ray diffraction patterns of DHPE/ 
DPPE mixtures at  the temperatures at  which diffraction 
patterns were recorded. Since DHPE and DPPE both exhibit 
identical phases, the lack of eutectic behavior in the gel phase 
as observed for DHPC/DPPC mixtures (Kim et al., 1987b) 
is not surprising. [Unlike DHPC, DPPC does not form an 
interdigitated bilayer under normal conditions, although one 
will form at high pressures (Braganza & Worcester, 1986).] 
An idealized phase diagram of the DHPE/DPPE system, 
reflecting the DSC and X-ray diffraction data, is presented 
in Figure 9. 

The formation of the HI1 phase in lipids is often explained 
in terms of the average shape of the lipid molecule. Cylin- 
drically shaped molecules will tend to form lamellar structures 
while molecules with greater hydrocarbon regions relative to 
the polar head group form inverted cones and prefer the HII 
phase (Israelachvili et al., 1980; Cullis et al., 1983). Boggs 
et al. (1981) have postulated that the ether-linked lipids are 
closer packed than the ester-linked lipids, and this promotes 
more extensive hydrogen bonding between lipid molecules, 
especially in the head-group region. Consequently, the more 
extensive intermolecular interactions of the ether-linked PE 
serve to stabilize the HII and L, phases and destabilize the La 
phase. As illustrated by the mixed DHPE/DPPE system, the 
ether linkage affects the La - HI* phase transition temperature 
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concentrations, while DHPC would in turn destabilize the HII 
phase of DHPE. These predictions are currently being tested. 
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FIGURE 9: Idealized phase diagram of the DHPE/DPPE system at 
full hydration based on DSC and X-ray diffraction data. Onset and 
completion temperatures are not accurately determined from DSC 
experiments due to heating rate effects, etc. 

more than the L, - La transition temperature (see Figures 
6B and 9). 

Alternatively, the HII phase has been viewed as a balance 
of opposing forces. On the one hand is the tendency of a lipid 
monolayer to curl with an intrinsic radius of curvature specific 
to that lipid. On the other hand, there are the hydrocarbon 
packing constraints which tend to favor the lamellar structure 
because of its less stringent chain packing requirements 
(Gruner, 1985; Tate & Gruner, 1987). The intrinsic radius 
of a lipid is affected by, among other things, the polar head 
group, the hydrocarbon chain length, and the hydrocarbon 
chain linkage (Seddon et al., 1983, 1984). Following this line 
of reasoning, it would seem that the ethanolamine head group 
has decreased the intrinsic radius of curvature, allowing DHPE 
to form the HI1 phase while DHPC does not. Likewise, the 
ether linkage appears to increase the tendency of the lipid to 
curl when compared with the ester linkage. 

CONCLUSIONS 
DHPE and DPPE at full hydration appear to be completely 

miscible in all proportions in the three phases, L,, L,, and HII, 
whereas DPPC can only be accommodated into interdigitated 
DHPC gel phase bilayers to approximately 30 mol 9% DPPC. 
DHPE bilayers are noninterdigitated; therefore, both the 
choline head group and ether linkage are necessary for in- 
terdigitation to occur. Substitution of ethanolamine for the 
choline group abolishes chain interdigitation and favors the 
formation of the HI, phase. Of interest is the possibility that 
mixtures of DHPE and DHPC are able to form either an 
interdigitated or an HII phase. One expects that DHPE would 
hinder formation of an interdigitated bilayer in DHPC at high 
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ABSTRACT: Lipocortins (annexins) are  a family of calcium-dependent phospholipid-binding proteins with 
phospholipase A2 inhibitory activity. The characteristic primary structure of members of this family consists 
of a core structure of four or eight repeated domains, which have been implicated in calcium-dependent 
phospholipid binding. In two lipocortins ( I  and 11) a short amino-terminal sequence distinct from the core 
structure has potential regulatory functions which are dependent on its phosphorylation state. We have 
isolated the rat and the human lipocortin I genes and found that they both consist of 13 exons with a striking 
conservation of their exon-intron structure and their promoter and amino acid sequences. Both lipocortin 
I genes are  a t  least 19 kbp in length with exons ranging from 57 to 123 bp interrupted by introns as large 
as 5 kbp. Each of the four repeat units of lipocortin I are encoded by two consecutive exons while individual 
exons code for the highly conserved putative calcium-binding domains. The promoter sequences in the rat 
and in human genes are highly conserved and contain nucleotide sequences characterized as enhancer 
sequences in other genes. The structure of the lipocortin I gene lends support to the hypothesis that the 
lipocortin genes arose by a duplication of a single domain. 

Lipocort ins  (lately also referred to as annexins) are a group 
of calcium/phospholipid-binding proteins with phospholipase 
A2 (PLA2) inhibitory activity. Originally characterized as 
dexamethasone-induced inhibitors of eicosanoid production 
[for review, see Flower (1985, 1988)], members of the lipo- 
cortin family are now implicated in the regulation of a variety 
of biological events, such as blood coagulation and differen- 
tiation, and in various aspects of the immune response and 
inflammation (Maurer-Fogy et al., 1988; Funakoshi et al., 
1987; Cirino & Flower, 1987a,b; Cirino et al., 1989; Ishizaka, 
1985). 

Lipocortin-like proteins have also been isolated by other 
groups on the basis of their calcium-dependent phospholipid- 
binding properties and have been given other names, including 
p35 (Fava & Cohen, 1984), p36 (Gerke & Weber, 1985), 
calpactins (Glenney, 1986), endonexins and p68 (Davies & 
Crumpton, 1985; Gerke & Weber, 1984), annexins (Geisow 
et al., 1987), calcimedins (Mathew et al., 1986), calelectrins 
(Geisow, 1986a), chromobindins (Creutz et al., 1987), and 
proteins I-TI1 (Weber et al., 1987; Shadle et al., 1985; Burns 
et al., 1989) [for reviews, see Klee (1988), Flower (1988), and 

The genetic sequence in this paper has been submitted to GenBank 
under Accession Number 505339. 

* Author to whom correspondence should be addressed. 

Wallner (1989)l. Eight distinct members of the mammalian 
lipocortin family have now been identified (Pepinsky et al., 
1988; Haigler et al., 1989; Hauptman et al., 1989). The amino 
acid sequences of the l iport ins  are highly conserved between 
species with all members showing 4040% sequence homology 
to each other. 

Lipocortins I and I1 appear to play a role in signal trans- 
duction: lipocortin I in EGF-dependent cellular proliferation 
and lipocortin I1 in oncogenic transformation. Lipocortin I 
(p35, calpactin 11) is the major physiologic substrate of the 
EGF-induced EGF receptor kinase (Pepinsky & Sinclair, 1986; 
Sawyer & Cohen, 1985), and lipocortin I1 (p36, calpactin I) 
is identical with the major substrate of viral and growth factor 
dependent protein kinases (Huang et al., 1986; Erikson & 
Erikson, 1980; Saris et al., 1986). 

The characteristic structure of lipocortin-like proteins 
consists of a 4-fold repeated domain of IO amino acids 
(Wallner et al., 1986; Kretsinger & Creutz, 1986; Geisow, 
1986b; Weber & Johnsson, 1986). Lipocortin I interacts with 
cellular membranes and vesicles in a calcium-dependent 
manner. A highly conserved region of 14 amino acids within 
each repeat unit has been implicated as the calcium-binding 
site (Weber & Johnsson, 1986; Schlaepfer & Haigler, 1987). 
The structure of this putative calcium-binding site is different 
from the EF-hand structure of other calcium-binding proteins. 
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