
[[I? U! aJI? su!l?qn aqj a1aqm aq1lq auq[l?lsKl3 lq1ap10 
UE u! pah~~~e a.m su!cq:, uoq.mo.tp~q aql ‘ami 
-t?.IaduIal ‘;!L\l MOlG$j '( "2) amwaduw pXI!J2p-[laM 

IT 11; uo!~ym~ aceqd R o%apun hlu sa~s8aJfEk JaiCel 

-!q lu_ioj lnql sp!dg padeqs-le3!lpuq,iJ '[9] sawqd 

[""!JpU![/b pUl2 Jl?[[33!LLl LLLIOJ 0) pUal '(ad OS/(l) 

au!loqoliCp!leqdsoqdos/CI SC qans .adeqs ayg&pam 

JO [TT~!UO~ I? qly sp!d!l lnq ‘.mAel!q myd I? _IOAIZJ 
‘(C&j) sau!welou”qlal~p!~“qdsoqd put (3d) sau![oq3 

-Iip!wqdsoqd w qsns *sp!dy padeqs-[e3!lpu!l/(3 
~L.IKXUO~~ aici3a.r%k sa3uanL+u! 

/(limed al!qd!qdlur! aql JO adeqs aql ‘[apow pxyaloaql 

s!qi LUO.I$ :pa%xL~a ldasuos alders Yu!Mo[[o~ aqJ 
‘[g-p] .p2 la !~!~qxlams~ /(q apeur uaaq scq sa%lq 
-ulass~ iua.m~~!p JO uoymuo~ aqi azqvuo!ic~ pun ssa3 
-old uo!~e%B% aql iC~ymt~ 01 ldmallr! uv ‘[E- I] 
Jall?~ qly pax!m UaqM sa.m]mIJs ~epmIouwdns 
~c.mtas olu! alqurasss-jlas sp!dg xqlvd~qdwv 

'12.8 a3LI3!3S Ja!AaS[g 8661 0, ‘SJah[!q aql JO SUO@aJ ,lQ aql 0) paU!~UO~ /(llSOLU aJt? 
S3[".3a~OLU g&a "[!qM 'Jadt?[!q aA!K~aJap aql U! ~JlWAJn3 L@q l#M SUO@aJ JaJaJd Saln3a~om 3d7d ‘.&+Io" lcql pasodoJd 
SI 11 'WOlllSUI?J~ ascqd S~O[BL~OUB aql pur? ]sJg ?qI UaaMlaq a%?1 aJn]eJadura] aq, u! Ja/(E[!q aql u! ks$3aJap, JO anua.LInnno 
Jql ql!M lUW;!SUOr, aJF SllnSaJ aXU?UOSaJ 3!laU%?LU Jt?~lXlU H, PUC d,, TUalSdS XLIES G'ql U! PaAJaSqO UO!l!SLIeJ~ JapJO-lSJ!J 
C Gbtoql? 3&l SJu3.70 UO!~~SUIZJl S'qL ‘SlUaLLl~JnSCXU /(1![!q!ssaJdum I'c?ulJaq~OS! pur? iCJ~XLlo~e~!p %!UUWS '~JlaUl!JO(E3 
~Lyucns [i?!nta.m~J!p iq UMoqs uaaq scq (J~'IM PC) JW?M u! '(3dTd) au!loq3oqdsoqd-C-oJ~~~l~-u~-l~o]!~l~d-I pur? 
(3dda)au!u1"I"u"qlaoqdsoqd-t‘-oJasi(la-ut-I/("i!ulled!p-z'1 JO a.wxy .wloLu!nba ue .IOJ 3~~9 IF lua!agaoo L1q!q!ssa~dmoz 
241 pul? ‘iua!o!jJaon uo!suadxa [wulaql n!n:qoy aqi ‘leaq sgmds u! as!J paymu I? ql!M uog!sue.~i asEqd wo[muout? uv 



rruns-conformation. This phase is commonly referred 
as to the gel state. Above T,,, the hydrocarbon chains 
melt and are in a more disordered, liquid-like state, 
with a gaucke conformation in the chains. This 
phase is commonly referred to as the liquid crys- 
talline state. The magnitude of 7;,, depends on the 
nature of hydrocarbon tails, the polar region of the 
liquids, the amount of water present, and the solutes 
dissolved in water. Melting is a cooperative process 
that involves the collapse of the crystal lattice [7,8]. 
The destruction of microscopic regions of the lattice 
induces instability in the neighbouring regions, which 
break down and create new sources of instability. In 
single lipids, experimentally determined peaks for 
thermodynamic parameters such as isobaric specific 
heat, isothermal compressibility, and the isobaric 
expansion coefficient for the gel-to-liquid crystalline 
transition appear as being sharp and narrow. In 
contrast, the corresponding peaks for binary mixtures 
appear as the superposition of two or more broad 
peaks for miscible lipids and narrow peaks for im- 
miscible lipids [9]. 

There has been recently increased interest in the 
supramolecular structures formed by mixtures of LPC 
with cylindrical-shaped lipids, because of the possi- 
ble role such structures may play in membrane fu- 
sion and other biological processes [IO- 121. Al- 
though the mechanism of the effect of LPC on 
membrane phospholipids remains unknown, its ac- 
tion probably results from specific interactions be- 
tween hydrophilic headgroups and the different spa- 
tial requirements of the two types of lipids. To define 
the nature of these interactions more clearly, 
LPC/PC binary mixtures have been examined using 
several physical techniques [13-221. The results of 
such study led the authors to conclude that the effect 
of LPC on lipids was highly complex depending on 
the length of the fatty acyl chains of both phospho- 
lipid and lysolecithin and that relatively small 
amounts of lysolecithin have a pronounced influence 
on the phase transition of pure lipids and on the 
miscibility of different phospholipids [22]. In con- 
trast to LPC/PC mixtures, LPC/PE systems have 
received much less attention [23,24]. This paper 
presents the characterization of an equimolar mixture 
of 1,2-dipalmitoylphosphatidylethanolamine (DPPE) 
and 1 -palmitoyllysophosphatidylcholine (PLPC), in 
water (34 wt.%) by differential scanning calorimetry 

(DSC), scanning dilatometry (SD) and isothermal 
compressibility measurements. Our observations are 
worthy of notice because this system undergoes an 
anomalous phase transition at 625°C with continu- 
ous thermodynamic quantities such as enthalpy (H) 
and volume (V), and no latent heat. Isobaric specific 
heat, the isobaric expansion thermal coefficient and 
the isothennal compressibility coefficient have. in 
contrast, shown discontinuities [25]. The events oc- 
curring in the vicinity of this transition were studied 
by 3’ P and ‘H nuclear magnetic resonance (NMR) to 
measure changes in orientational ordering at selected 
sites in two lipid components. The observed changes 
are explained in terms of the different shapes of the 
two lipid components, with the more conical PLPC 
probably preferring regions of high curvature in de- 
fective structures and the cylindrically-shaped DPPE 
confined to the flat regions of the bilayer. 

2. Material and methods 

2. I. Sumple preparation 

Samples were prepared by dissolving appropriate 
quantities of the dry lipids in a minimum amount of 
chloroform/methanol (95/5, v/v). The solvent was 
evaporated in vacua, and the residue dried under 
high vacuum for 24 h. The necessary amount of 
water to give a final concentration of 34 wt.% was 
mixed with the lipid in a 7.5-mm glass tube. The 
tube was flame-sealed and the contents mixed above 
the main phase transition temperature until homo- 
geneity was achieved. This process usually took 
about a day. DPPC-d,) was prepared from DPPE by 
N-methylation using deuteriomethyl iodide (Aldrich, 
Milwaukee, WI> 1261. The 2-palmitoyl moiety was 
removed from DPPC-rl, by treatment with phospho- 
lipase A, using the method set out Keough and 
Davis [27], to yield 1 -palmitoyllysophosphatidylcho 
line. 

2.2. D@erential scanning culorimetric measurements 

DSC scans were carried out with a Setaram (Lyon, 
France) micro differential scanning calorimeter (mi- 
croDSC) with 1 ml stainless steel sample cells, 
interfaced with a Bull 200 Micra1 computer. The 



sampling rate was I point/s in all measuring ranges. 
Both the sample and reference (empty cell) were 
scanned from 30 to 80°C with a precision of 0.08”C. 
The calorimetric scans were performed at a nitrogen 
pressure of I .5 bar. 

To obtain the C,, curves. the base lines were 
obtained at the same scanning rate and then sub- 
tracted from sample curves. All the Cpenc curves 
were obtained using a fourth-order polynomial fit. 
The average level of noise was about 0.4 PW and 
reproducibility at refilling was about 0.1 mJ K ’ 
ml ‘. 

Energy calibration was performed using a defined 
power supply, electrically generated by an EJ2 Se- 
taram Joule calibrator within the sample cell. 

2.3. Sc~cuming clilcrtometric mea.surements 

A Mettler TC I OA processor equipped with a TMA 
thermomechanical analyser. previously calibrated for 
temperature and length was used to obtain measure- 
ments of length as a function of temperature at 
constant pressure. A quartz cylinder with a tight but 
freely movable piston was used as sample holder. 
The movement of the piston was measured as a 
length change of the sample. The scanning dilatome- 
ter. in the configuration described in Ref. [28], has a 
sensitivity of about 3.2 X IO7 ml reproducibility and 
0.2% reproducibility. The deviation from linearity of 
the baseline in scanning conditions was less than 
0. I %. Further details are reported in Refs. [29.30]. 

2.4. I.w~tl~ernicrl compressihili~ mea,surements 

Compressibility measurements were performed 
using a force measuring probe ranging from 0.0 to 
I.35 N. Since the area of the piston was 3.801 mm’. 
the pressure extended on the sample varied from I to 
4 atm. Further technical details are described in Ref. 
[30]. 

2.5. Nuclear rrqpetic resorumce mecxurements 

Spectra were obtained on an MSL 300 Bruker 
NMR spectrometer equipped with a variable temper- 
ature unit. Temperatures are correct to within 
fO.S”C. A Hahn echo sequence was employed for 
data acquisition. For the ” P-NMR spectra a p/2 

pulse width of 2 ms was used with proton decou- 
pling. The delay between the n/2 pulse and the 11 
pulse in the echo sequence was 40 ms and the 
repetition rate was 3 s. A quadrupolar echo sequence 
with a rr/2 pulse width of 3.5 1113 waa used for 
acquiring ‘H-NMR spectra. The delay between the 
two 7~/2 pulses was 40 ms and repetition was I s. 
To allow samples to reach thermal equilibrium, spec- 
tra were recorded 30 min after each temperature 
change. 

3. Results 

Thermodynamic data was obtained with the tech- 
niques described above. using scanning rates ot 
O.S”C/min. Other measurements at different scan- 
ning rates were carried out but are not presented. 

Fi 0 I shows the temperature dependencies of 
sp?ci& heat (C,), the specific volume (V,), the 
expansion coefficient 

I ilV\ 
Ly=- - 

i I v ,/ i/T 

and the isothermal compressibility coefficient 

for an equimolar mixture of DPPE and PLPC in 
H,O (34 wt.% 1. 

With increasing temperature, C,,. u and /3 shows 
a sharp peak at 47.3”C (9 H of 3. I6 kcal/mole). 
followed by ;I slow, monotonic increase in value 
over a range of about 15°C. The relative specific 
volume change at 47.3”C (AV/V,. air) is 2.2%. 
whereas it is zero at 62S”C. Other experiments at 
different scanning rates (from 0.016 to I”C/min) 
were also performed. Decreasing the scanning rate 
causes T,,, to decrease in an exponential fashion to a 
temperature approximately 3°C lower. h H remains 
quite constant in both the heating and cooling modes. 
In the cooling mode a hysteresis in the transition at 
47.3”C was the only thing to be observed, while the 
transition at 62.S”C did not appear. The hysteresis 
vanished if rhe scanning rate was set very low 
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Fig. I. Thermodynamic functions as a function of temperature for 
an equimolar mixture of DPPE/PLPC in water (34 wt.%). (a) 
Isobaric specific heat: l-heating, 2-cooling; (b) isobaric expansion 
coefficient (1) and specific volume (2); (c) isothermal compress- 
ibility. 

(O.O16”C/min). The transitions observed (Fig. 1) are 
completely reproducible when scanning the same 
sample more than once, and are therefore totally 
reversible. 

An interesting function that can be obtained from 
isothermal compressibility measurements is the mean 
fluctuation of the volume in a phase. The volume 

fluctuation (V)’ is given by [3 I] 

(3) 

where T is the absolute temperature and (dV/tlP), is 
isothermal compressibility. The following refer to 
one mole: 

(V)2=V,n&kT (4) 

where k is the Boltzman constant and V, the molar 
volume. The rms volume fluctuation together with 
p, the molar volume (if,,,>. AV,, and the relative 
AV,,,% (Ay,,/V, x 100) at various temperatures 
are shown in Table 1. We note that the rms fluctua- 
tions in the range from the transition at 47.3”C to the 
transition at 62S”C. are very high compared with 
those at temperatures below 47.3”C and above 
62S”C. Moreover, the compressibility coefficient and 
fluctuations in DPPE/PLPC compared to DPPE ( p 
= 55.8 X IO-” m’/N, AV,,, = 30.96 cm3 mea- 
sured at 35°C and p = 71.4 X lo-” m’/N, AV,,,, 
= 43.1 cm3 measured at 70°C [32]) are also very 
high. Although the fluctuations, from compressibility 
data and other thermodynamic quantities is a bulk 
thermodynamic property, it could provide important 
information on the microscopic states in a phase, in 
combination with the data obtained from X-ray and 
nuclear magnetic resonance analyses. Such volume 
fluctuations appear to result predominantly from the 
imperfect atomic packing and the dynamic-domain 
character of the phospholipid molecules in the bi- 
layer. Thus, the packing of the DPPE/PLPC system 
in the temperature range from 47.3 to 62.5”C con- 
tains more ‘defects’ compared to its gel and liquid 
crystal phases. 

According to Ehrenfest’s [3 I] classification of 
phase transitions, when the molar Gibbs free energy 
(G) is a continuous function and its first derivative 
with respect to temperature (s)l, = -S is discon- 
tinuous, the transition is defined as being first-order. 
Instead: when G and ($), = -S are continuous 
and ($?) T = - C, is discontinuous, the transition 
is defined as a second-order phase transition [3 1,331. 
Therefore, in a first-order phase transition enthalpy, 
entropy and volume show a change at the transition 
temperature and its first derivatives C,, (Y and p 
tend towards infinity. In a second-order phase transi- 
tion, changes in enthalpy, entropy and volume at the 



Table I 
Isothermal compressibility coefficients ( p X IO”, m’/N). molar volumes (V,,,, cm’/mole). volume lluctuatiorrs CA\‘,,,,\. cm ‘/mole) and 

relative volume fluctuation AVr,,,\% (AV, ,,,, /V,, X lOOr/,) at several temperatures for DPPE/PLPC/ ‘H,O (41/25/33 wt.%) ~- 

T (“C) P ““I Al:,,,\ 3 y,,,:/; 

35 93.42 61 I .oo 30.0 5.Y6 

50 I IX.75 796.86 50.1 6.32 

55 lSO.81 X27.13 5x.3 7.05 

60 l60.3I X6X.93 62.7 7.71 
65 Y I .04 X00.62 17.7 5.35 

70 X7.08 913.20 47.6 5.21 

transition temperature do not occur, its first deriva- 
tives show a change in value. 

Fim C’ I shows clearly that the transition at 47.3”C 
is a first-order phase transition, whereas the transi- 
tion at 62.K is anomalous and would appear to be a 
second-order phase transition since AH = 0 and AV 
= 0. while C,, N and p show a change in value. A 
change in symmetry is required when a second-order 
phase transition occurs [3 I]. “P- and ‘H-NMR ex- 
periments were performed to determine which 
molecules hetwcen two phospholipids are involved 
in the symmetry change. 

” P- and ’ H-NMR are techniques that are sensi- 
tive to the state of aggregation of phospholipids in 
water [34.X]. The phospholipids in a bilayered struc- 
ture typically give rise to a broad asymmetric “P- 
NMR spectrum with a low frequency shoulder [34]. 
In contrast. a hexagonal or cylindrical arrangement 
of phospholipids usually produces a narrower spec- 
trum that is approximately half the width of the 
corresponding lamellar phase, and displays a high- 
frequency shoulder. The spectral lineshape is deter- 
mined by the principal components of the chemical 
shift tensor modulated by the motions of the phos- 
phorus nucleus. The residual chemical shift anisotro- 
py ((%A). 1~ = CT;, - cri may readily be evaluated 
from the singular positions of the spectral edges and 
is a measure of the orientations and time-average 
fluctuations of the phosphate segment in a phospho- 
lipid. 

” P-NMR spectra of a DPPE/PLPC/ ‘H,O 
(41/25/34 wt.%;) mixture recorded at various tem- 
peratures are shown in Fig. 2a. At T= 35°C below 

the first-order transition. the spectrum has a line- 
shape that is characteristic of a lamellar phase in the 
gel state with a CSA of about 4.5 kHz. At T= 50°C 
(just above the first-order phase transition), the spec- 
tra are the superposition of two powder patterns: one 
arising from the lamellar phase and the other from a 
cylindrical phase with a CSA about one-half of the 
magnitude of the lamellar phase. but with its oppo- 

’ i 
,/ \ T=3 5°C n=lO% 

Cd s. -4 *--, __ --_I 
I 1ZkHz /I 12kHz 7 

Fig. 2. (a) ” P-NMR spectra of DPPE/PLPC/’ H ;O (-1 I /Z/34 
wt.%) dispersions recorded at 121.26 MHz at different tcmpera- 
turcs. (h) Theoretical fits of I’ PmNMR spectra for the 
DPPE/PLPC/ ’ H ,O system at different temperatures. II is the 
mole percentage of phosphorus segment with cylindrical qymmc- 
try used in the simulations. 
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I / 

n=SO% 

’ 6kHr I I 6kHz I 

Fig. 3. (a) ‘H-NMR spectra of DPPE/PLPC/ ‘H,O (41/25/34 
wt.8) dispersions recorded at 46.53 Mhz at different tempera- 
tures. (b) Theoretical tits of the ‘H-NMR spectra for the 
DPPE/PLPC/‘H,O system at different temperatures. n is the 
mole percentage of water molecules adopting a with cylindrical 
symmetry used in the simulations. 

site sign. The CSA of the lamellar powder pattern is 
slightly narrower than the pattern observed at T= 
35°C. The relative intensity of signals from the 
lamellar phase increases along with temperature up 
to 60°C where the spectral pattern is indicative of an 
exclusively lamellar phase. 

To gain further insight into the structural changes 
occurring at these transitions, we have performed 
‘H-NMR spectra of the DPPE/PLPC/ ’ H,O sys- 
tem over the same temperature range. Representative 
spectra are shown in Fig. 3a. The spectrum recorded 
at 35°C appears as a uniaxial powder pattern with a 
splitting of about 900 Hz. This doublet collapses into 
a broadened singlet over the 4%60°C range. The 
collapse of the uniaxial pattern is probably due to the 
rapid exchange of lipid-bound water molecules be- 
tween phases with lamellar and cylindrical symme- 

try. A uniaxial powder pattern characteristic of a 
lamellar phase reappears at temperatures above 60°C. 
This line shape occurs again even at these higher 
temperatures because diffusion along the surface of 
the lamellar phase is not sufficient alone to com- 
pletely randomize the orientation of the * H,O 
molecules during NMR measurements [36]. 

Since the contribution of “P nuclei in both DPPE 
and PLPC molecules to the spectral powder patterns 
in the ” P-NMR spectra may complicate their inter- 
pretation, we performed ‘H-NMR experiments on 
the same mixture in which the PLPC molecules were 
2 H-labeled in the trimethylammonium moiety 
(PLPC-d,). Spectra recorded at different tempera- 
tures are shown in Fig. 4. The right side of this 
figure shows enlarged views of several spectra shown 
on the left. The spectra, recorded below the first-order 
phase transition temperature (47.3”C), consist of a 
broad central signal superimposed on a Pake doublet. 
The quadrupole splitting of the Pake doublet de- 

1 It T=65 'C 

_/ L_ 

Pi 

T=60'C 

_ji\ i_ T=55 ‘C 

A- I T=50 'C - n 

T=47 'C 

T=45 'c 

T=35 'c 

Fig. 4. ‘H-NMR spectra of DPPE/PLPC-& /H,O dispersions at 
different temperatures. Enlarged view of the low-temperature 
spectra are shown on the right. 
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creases from 1.6 to 1.2 kHz between 3.5 to 47°C. The 
central signal is broader and more prominent in the 
spectrum recorded at 47°C and was assigned to 
PLPC-d, molecules dispersed in DPPE. This spectral 
component resembles the spectrum of a PLPC- 
&/water binary system in a hexagonal phase at 
comparable temperatures (data not shown). As tem- 
perature increases above 5O”C, the central signal 
diminishes and a powder pattern (A v = 1.6 kHz). 
characteristic of a lamellar phase, appears (Fig. 4). 
At 65°C the spectrum consists predominantly of this 
powder pattern and of a small sharp central peak of 
unknown origin. This latter peak appears to be pre- 
sent throughout the whole temperature range exam- 
ined. 

The observed lineshape change of the broad cen- 
tral signal in the ” P-NMR spectra was correlated 
with concentration change in the percentage (n) or 
mole fraction of phospholipid molecules with cylin- 
drical symmetry by fitting the experimental ” P-NMR 
spectra (Fig. 2b) to simulated lineshapes. The chemi- 
cal shift at a given resonance, a(@,), is expressed 
with reference to isotropic position V, [37,38]: 

I 
= jA~~,,,,,,,,,(3cos’ O,, - 1) (5) 

where A rr,,,,,,, is the residual chemical shift anisot- 
ropy of the cylindrical and lamellar phases, respec- 
tively: V, is the isotropic chemical shift value; and 
B. is the polar angle defining the direction of the 
external magnetic field in the aggregate reference 
frame. ” P-NMR spectra were generated by a linear 
combination of the powder patterns of the cylindrical 
and lamellar phases. 

The spectral lineshapes were found to depend on 
the concentration, II. of phosphate segments with 
cylindrical symmetry, on two CSA parameters and 
on two broadening parameters. n is the main fitting 
parameter and could be determined with a precision 
of kO.02. The dependence of n on temperature is 
shown in Fig. 5. Our model of the transition is 
supported by the close similarity between simulated 
and experimental spectra (Fig. 2). Phospholipid 
molecules with cylindrical symmetry are present at 

40 
i I 

,!I ’ 

Fig. 5. Dependence of the mole percentage of pho\pholipid\, II. 

with cylindrical symmetry BS a l’unction of temperatures. The two 

vertical solid line\ indicate the temperaturea al which the fir+and 

the second-order pha\e transition OCCUI 

all temperatures and show a significant increase in 
the first-order transition followed by a gradual de- 
cline to a value of 5 molar r/c over the course of the 
second-order transition. 

The ‘H-NMR spectra shown in Fig. 3 were fitted 
using similar methods. Assuming that ‘HZ0 
molecules can sample all relevant orientations of the 
aggregate over measuring time. the spectral powder 
is given by the equation [39.40]: 

3 

=+,- I 3cos’8,, - I Tsin’@,, cos’&, 
” * + 

2 7 1 (7) 

where v k are the intensities of individual frequen- 
cies for a given 8,, and 4,); F is the partially 
averaged quadrupolar coupling constant: tic, and &(, 
are the polar and azimuthal angles defining the direc- 
tion of the external magnetic field in the aggregate 
reference frame; and 77 is the asymmetry parameter. 
which is close to zero for uniaxial mesophases. It 
was found that experimental lineshapes could be 
generated using two quadrupole splitting parameters 
and a concentration parameter, IZ. which defines the 
fraction of phospholipids with cylindrical symmetry. 
A good fit between simulated and experimental spec- 
tra was obtained at comparable temperatures using 
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the same n values used in the fitting of the 3’ P-NMR 
spectra. 

4. Discussion 

The following discussion of our interpretation of 
the above NMR and thermodynamic data is divided 
into four temperature regions: (i) 30-45°C; (ii) sharp 
transition; (iii) 5 1-65°C; (iv) above 65°C. 

(i) In this lowest temperature range, the 3’ P-NMR 
data leads us to propose that there exist large near- 
planar lamellar structures in which PLPC and DPPE 
are mixed in the plane of the bilayer and equally 
distributed between the two monolayers of the bi- 
layer. Most of the components of the hydrocarbon 
chain of both lipids are in tmns configuration. At the 
same time a large network of ‘defects’ are spread 
throughout the bilayer, these sites being PLPC-en- 
riched. Approximately 10% of the total lipid or 20% 
of the PLPC is found where defects occur, these 
resembling tears or pores in the fabric of the mem- 
brane. A dynamic situation with the continual break- 
age and reformation of defects may be envisaged. 

(ii) At 47.3”C, where a first-order transition is 
observed, a major spatial segregation of the two lipid 
components occurs. We propose that this segregation 
is initiated by two related events. The first is the 
melting of the hydrocarbon chains of the PLPC 
molecules and the second, the segregation of PLPC 
and DPPE molecules to the opposite side of the 
bilayer. Evidence for the chain melting at 47.3”C is 
that there is a first-order transition at 32°C in the 
binary PLPC/water (34 wt.%) system which has 
comparable thermodynamic parameters (3.16 
kcal/mole and 2.19 kcal/mole, respectively). Melt- 
ing occurs at a higher temperature in the ternary 
system because each PLPC molecule in the gel state 
is surrounded by higher melting DPPE molecules 
rather than identical PLPC molecules in pure PLPC 
aggregates. The consequence of PLPC chain melting 
is the increased translational and transbilayer diffu- 
sion of the PLPC molecules leading to transbilayer 
segregation and a dramatic increase in the curvature 
of the bilayer. We propose that the bilayer is forced 
out of planarity and forms either much smaller multi- 
lamellar vesicles or tube-like structures. A precedent 
for the former structure exists in the ternary 
EPC/distearoylphosphatidylglycerol (DSPG)/water 

system, whose, 3’ P-NMR [4 l] resembles the spectra 
observed in Fig. 2 between 47 and 40°C. It has been 
proposed that under certain conditions, this ternary 
exists as small multilamellar vesicles (diameter = 400 
nm) with the larger, conically-shaped DSPG on the 
outside monolayer of the bilayer. Tube-like struc- 
tures are an alternative explanation for the 3’P-NMR 
data. Rapid lateral diffusion of PLPC around the 
outside of randomly oriented tubes would generate a 
powder pattern identical to that of a phase with 
cylindrical symmetry. It should be pointed out that 
several precedents exist for the asymmetric distribu- 
tion of 1ysoPC across bilayers in aqueous dispersions 
of lipid mixtures. Chidichimo et al. [42] have shown 
that vesicles containing equimolar amounts of 1ysoPC 
and cholesterol are drastically asymmetric, and that 
1ysoPC has a distinct preference for the outer bilayer 
shell. The same group also showed that 1ysoPC in 
highly curved POPC/lysoPC vesicles preferred the 
outer bilayer leaflet. Yet a third explanation of the 
molecular events occurring in the vicinity of the 
phase transition at 47.3”C which does not cause 
segregation across the bilayer, is one that postulates 
increased segregation of PLPC molecules within the 
plane of the bilayer. Lateral migration of PLPC 
molecules could occur to create pores or breaks 
whose borders are PLPC-enriched. For the phase 
transition in this model it is necessary to postulate a 
large increase in the number of pore or ‘defective’ 
structures. In addition to the three models described 
above, it is possible that any combination of all three 
may account for the physical events occurring at the 
transition. Whatever the explanation, it is apparent 
that the structural changes occurring at 47.3”C pro- 
vide additional opportunities for time-averaging the 
residual quadrupole splitting (A V) observed in the 
water molecule below 47.3”C. Simple diffusion 
across a bilayer surface does not average this quan- 
tity to zero, but the change to diffusion around a 
tubular surface, or around small multilamellar vesi- 
cles or through pore structures, reduces Ai to zero. 

(iii) Increasing the temperature also results in the 
melting of the acyl chains of DPPE. The first popula- 
tion of DPPE molecules to experience an abrupt 
increase in the number of gauche conformations of 
its acyl chains are those molecules with the greatest 
number of neighbouring ‘melted’ PLPC molecules. 
Melting of the DPPE chain continues gradually with 



increasing temperature until all its acyl chains are in 
a fluid state at approximately 63°C. During this 
process (if the system exists as a bilayer filled with 
pores), there is a lateral expansion that results in a 
decrease in the radii of the pores and ultimately in 
the formation of a large number of lattice defects. If 
the system exists as tubes or small MLVs, then chain 
melting probably increases molecular diffusion and 
the rate of diffusion of these macromolecular assem- 
blages. In either case, the result is that of reestablish- 
ing a lamellar structure in which there are approxi- 
mately equal populations of PLPC and DPPE 
moleculex on each side of the MLV bilayers. The 
above models of a continuous phase transition are 
supported by the thermodynamic data that show a 
continuous volume change throughout the tempera- 
ture range SO-63°C. 

Moreover. Fig. I reveals that in cooling mode, 
any change in C,, between 63-50°C is observed at 
the same scan rate. C,, decreases in a straightforward 
manner. On the contrary, the first-order phase transi- 
tion is shown with the usual scan rate-dependent 
hysteresis. 

When a first-order phase transition takes place. 
the molecules are ‘forced’ by temperature stimulus 
to go from the lower energy state to the upper energy 
state. This transition is induced by heating the sam- 
ple. and this energy is transformed into molecular 
motion (specific heat increase). When the system in 
the upper energy state is cooled, a relaxation occurs, 
lowering the energy level. The relaxation rate or 
decay rate is directly proportional to the coordination 
number (number of nearest neighbors) and to ther- 
mal conductivity. It is proportionally inverse to den- 
sity and isobaric specific heat. Of course, since 
thermal conductivity is a function of temperature 
(and gradient), the molecules’ heating and cooling 
pathway\ are different. From the above argument, 
we observe hysteresis in a first-order transition in the 
cooling mode, and an energy change is evident. In a 
second-order phase transition in which a continuous 
change in enthalpy and volume occurs (transition 
between energy states with equal or very nearly 
equal energies and different symmetries) only a 
straightforward slow decrease in C,,. N and p is 
observed. 

(i\,) In this temperature range, all lipids are in a 
lamellar liquid crystalline state with PLPC and DPPE 

molecules intermixed. Again, diffusion of water 
across the bilayer surface alone is insufficient to 
time-average the quadrupole splitting. 

Although we examined PLPC/DPPE mixture at 
six different molar ratios, only in the case of an 
equimolar mixtures was a second-order phase transi- 
tion observed. To clarify the order of the anomalous 
transition. other experimental investigations using 
different techniques able to detect fast phenomenon, 
such as the phospholipid motions, are necessary. 

These observations have both theoretical and bio- 
logical significance. They are important theoretically 
because an equimolar PLPC/DPPE mixture repre- 
sents a simple model for further study of second-order 
phase transitions in phospholipid/water dispersions. 

Biologically, the formation of pores in men- 
branes, produced by the association of PE with 
lysolecithin (arising from the action of phospholipase 
A, on PC). may provide a mechanism for the non- 
mediated transport of ions across a normally imper- 
meable lipid bilayer [2] or in the process of protein 
translocution [43-461. 
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