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Evidence for Phase Boundary Lipid. Permeability of Tempo-choline into 
Dimyristoylphosphatidylcholine Vesicles at the Phase Transition' 

Derek Marsh,* Anthony Watts,$ and Peter F. Knowles 

ABSTRACT: The existence of distinct regions of mismatch in 
molecular packing at  the interfaces of the fluid and ordered 
domains during the phase transition of dimyristoylphospha- 
tidylcholine vesicles has been demonstrated by measuring the 
temperature dependence of the permeability to a spin-label 
cation and comparing this with a statistical mechanical cal- 
culation of the fraction of interfacial lipid. The kinetics of 
uptake and release of the 2,2,6,6-tetramethylpiperidinyl- 1 - 
oxycholine (Tempo-choline) spin label by single-bilayer 
dimyristoylphosphatidylcholine vesicles were measured using 
electron spin resonance spectroscopy to quantitate the amount 
of spin label present within the vesicles after removal of the 
external spin-label by ascorbate a t  0 OC. Both the uptake and 
release experiments show that the Tempo-choline permeability 
peaks to a sharp maximum at  the lipid-phase transition, the 

T h e  possible functional importance of the lipid-phase tran- 
sition and of the conditions of lateral lipid-phase separation 
is now well established, as a result of many studies on both 
biological and model membranes (see e.g., Marsh, 1975). 

The increase in fluidity a t  the phase transition has been 
shown to enhance the activity of enzymes and specific transport 
systems within the membrane (Overath and Trauble, 1973: 
Esfahani et al., 1972) and the possible physiological signifi- 
cance of lipid-phase transitions in triggering these membrane 
functions has been emphasized (Trauble, 1972; Trauble and 

From the Max-Planck-lnstitut fu r  biophysikalische Chemie, 0-3400 
Gottingen, West Germany (D.M.),  and the Astbury Department of Bio- 
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vesicles being almost impermeable to Tempo-choline below 
the transition and having a much reduced permeability above. 
The temperature profile of the permeability is in reasonable 
quantitative agreement with calculations of the fraction of 
interfacial boundary lipid from the Zimm and Bragg theory 
of cooperative transitions, which use independent spin-label 
measurements of the degree of transition to determine the 
cooperativity parameter. The relatively high intrinsic perme- 
ability of the interfacial regions ( P  - 0.2-1 .O X cm/s) 
is attributed to the mismatch in molecular packing of the lipid 
molecules a t  the ordered-fluid boundaries, which could have 
important implications not only for permeability in natural 
membranes (e.g., i n  transmitter release), but also for the 
function of membrane-bound enzymes and transport pro- 
teins. 

Eibl, 1973). Lateral phase separation of lipids within Esche- 
richia coli plasma membranes has also been shown to have a 
dramatic effect on sugar transport by the membrane (Linden 
et al., 1973). 

These effects can be attributed to the more expanded and 
more flexible nature of the lipid chains in the fluid state relative 
to the ordered state of the chains below the phase transition 
(Hubbell and McConnell, 1971; Marsh, 1974a). Conforma- 
tional changes of embedded proteins are thus facilitated in the 
fluid state above the phase transition, and transitions from the 
expanded to the condensed state give rise to a high lateral 
compressibility of membranes in a state of lateral phase sep- 
aration. This in turn also facilitates conformational transitions 
of membrane proteins and could also accommodate the in- 
troduction of newly synthesized proteins and lipids into the 
membrane (Linden et al., 1973). 

Of possibly equal importance are  the properties of the 
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membrane lipid that is actually undergoing a phase transition, 
or more generally of the interfacial lipid in the boundary re- 
gions which exist between fluid and ordered phases of mem- 
branes in a condition of physical lateral phase separation. 
Because of the mismatch in molecular packing between the 
ordered and fluid lipid, these interfacial regions could have 
important, possibly even catastrophic, effects on membrane 
function, as  suggested by Papahadjopoulos e t  al. (1973). 

In  the present paper we report experiments that give evi- 
dence for the existence of such interfacial lipid in the mem- 
brane of DMPC’ vesicles. This phase boundary lipid is shown 
to be the determining factor for the cation permeability of the 
vesicles a t  the phase transition. In these experiments the per- 
meability of single-bilayer vesicles to the spin-label cation, 
Tempo-choline, was measured as  a function of temperature, 
throughout the phase transition. The measurements were made 
using ESR spectroscopy to quantitate the amount of spin-label 
present within the vesicles, after removal of the external 
spin-label with ascorbate a t  0 “C. The correlation of the per- 
meability with the phase boundary regions was established 
using calculations based on the Zimm and Bragg theory of 
cooperative transitions. 

Experimental Section 
Materials. D M P C  was obtained from Calbiochem (chro- 

matographically pure, grade I, various lot numbers) and its 
purity was checked by two-dimensional T L C  (Hallermayer 
and Neupert, 1974). Square silicic acid T L C  plates (Merck, 
Darmstadt, Germany) were run with chloroform-acetone- 
methanol-acetic acid-water (56:20: LO: 10:4) in one direction 
and the solvent system chloroform-methanol-25% (v/v) 
ammonia (65:35:5) in the second direction. The plates were 
first developed with “Dittmer” reagent (Dittmer and Lester, 
1964) to detect the lipid phosphate and subsequently with io- 
dine vapor to detect the total lipid. A single spot was obtained 
with a loading of 30 111 of 5 mg/ml of chloroform solution of 
D M P C  and no impurities were detected with a sixfold over- 
loading. Gas-liquid chromatography, performed by Dr. A. 
Sheltawy of the Biochemistry Department, Leeds University, 
revealed a contamination of less than 0.5% palmitic chains in 
the D M P C  samples. Since no free fatty acids nor lipids other 
than PC were detected by TLC, this small impurity is attrib- 
uted to dipalmitoylphosphatidylcholine. 

The spin label Tempo-choline (I) was prepared in the Bio- 
physics Department, Leeds, by Dr. R .  P. Gregson according 
to the method of Kornberg and McConnel l ( l97 1). The spin- 
label Tempo (11) was prepared according to the method of 
Rozantzev and Neiman (1 964). Spin-labeled dipalmitoyl- 
phosphatidylcholine (111) was prepared by Dr. R. P. Gregson 
according to the method of Hubbell and McConnell (1971). 

II 

I Abbreviations used are: DMPC, dimyristoylphosphatidylcholine; ESR, 
electron spin resonance; TLC, thin-layer chromatography; PC, phos- 
phatidylcholine; Tempo, 2,2,6,6-tetramethylpiperidinyl-I-oxy; Tris, 2- 
amino-2-hydroxymethyl- 1,3-propanediol. 

C O - 0  -CH2 
V C O - 0 - I H  I I: 

G N-G CH,-0-P -O-CH2-CH,-i [CH,), 
I 
0- 

r 
The buffer used for all measurements was 0.1 M KC1/0.01 

M Tris adjusted to  p H  8.0. All other reagents were of analyt- 
ical grade. 

Vesicle Preparation for  Uptake Measurements. DMPC was 
suspended in 1.5 ml of buffer to a concentration of 50 mg/ml 
and the mixture was sonicated with a D A W E  Soniprobe Type 
6400 A equipped with a l/s in. titanium microtip. Sonication 
was performed in 10-25-s pulses, using the lowest power level 
necessary to produce sonication, until the sample became op- 
tically clear (usually 1-2 min duration). The sonication vessel 
was cooled with melting ice, but the temperature was allowed 
to rise up to 50 O C  during sonication. The sample was cooled 
after sonication and then centrifuged a t  105 OOOg a t  4 O C  for 
10 min to remove undispersed lipid and titanium fragments. 
Then 1.5 ml of 6 m M  Tempo-choline in buffer, previously 
cooled to 4 O C  was added to the clear supernatant. This and 
all subsequent operations were carried out a t  4 O C .  It was 
demonstrated by the methods described below that the vesicles 
are totally impermeable to Tempo-choline at  this temperature; 
the sonication conditions used here thus correspond to the 
high-temperature annealed samples of Lawaczek et al. (1975). 
The final lipid concentrations were checked by spectrophoto- 
metric phosphate analysis (Gomori, 1942) and the samples 
were all found to contain greater than 80% of the original lipid. 
The samples so prepared thus contained approximately 25 
mg/ml of D M P C  as single-bilayer vesicles (see below) and 3 
m M  Tempo-choline spin-label that was completely excluded 
from the occluded vesicle volume. This latter point was checked 
by ESR spectroscopy as described below. 

Vesicle Preparation f o r  Release Experiments. DMPC was 
suspended in 3 ml of 3 m M  Tempo-choline in buffer to a lipid 
concentration of 25 mg/ml. Sonication was performed as de- 
scribed above. After cooling, the sample was then dialysed over 
a 24-h period against three separate changes of 3 I .  of buffer, 
a t  4 O C .  After dialysis, the vesicle suspension was centrifuged 
at  105 OOOg a t  4 “C for 10 min. The final lipid concentration 
of the clear supernatant was again checked by phosphate 
analysis. The preparation thus contained single bilayer vesicles 
with 3 m M  Tempo-choline in the occluded volume within the 
vesicles and a very low concentration of Tempo-choline outside 
the vesicles. The latter point was checked by ESR spectroscopy 
as  indicated below. 

Permeability Measurements. Both Tempo-choline uptake 
and release were measured from the time course of the line 
height of the ESR spectrum from the Tempo-choline inside 
the vesicles, using the two different sets of samples as prepared 
above, i.e., with Tempo-choline initially outside, or inside the 
vesicles, respectively. All samples were maintained a t  4 “C,  
except during incubation a t  the required temperature. Du- 
plicate 5O-pl aliquots of clear vesicle suspension were incubated 
in sealed plastic test tubes at  the required temperature for given 
times. Duplicate control samples were similarly incubated. The 
samples were then cooled in melting ice, and all subsequent 
operations performed with samples and reagents a t  0 O C .  Al- 
iquots of 10 111 of ice-cold 0.35 M sodium ascorbate were added 
to the samples and 10-111 aliquots of ice-cold buffer were added 
to the controls. The samples and controls were then transferred 
to 100-111 “Microcap” capillaries (Drummond, Scientific Co.) 
that were sealed a t  one end, for quantitation of the Tempo- 
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1. 
FIGLRE 2 ESR spectra dt 0 "C of Tempo-choline spin-label I Hedvq line 
(h) spectrum of Tempo-choline taken up into sonicated Lesicles of 
dimyristoylphosphatidylcholine Vesicles incubated for 20 min. a t  29 "C 
with 3 m M  Tempo-choline added to the outside, then treated with dscor- 
bate a t  0 OC prior to taking the spectrum Fine line (ho) spectrum of 
control sample, similarly incubated but u ithout added ascorbate (note 
decreased gain) 
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Fraction N o  

I I G C  R L  1 Elution profile of dimyristo)lphosphatidylcholine vesicles (50 
ing in 2 ml), sonicated above the phase transition temperature and then 
fractionated a t  3 2  O C  on Sepharose 2B 

choline content by ESR. Measurement of the ESR spectrum 
line height of the ascorbate-treated samples, h ,  relative to the 
controls. ho, gives the quantity of Tempo-choline trapped in 
the vesicles. Hence the absolute concentration of Tempo- 
choline remaining in the vesicles can be calculated in terms of 
the original 3 m M  Tempo-choline concentration in the sam- 
ple. 

The ESR spectra were recorded a t  0 " C  on a Decca X1 9 
G H z  ESR spectrometer, using a quartz dewar nitrogen gas 
flow system. The samples were lowered into and out of a 
standard 4-mm quartz ESR tube that was left permanently in 
the cavity. In this way it was possible to change samples with 
minimal retuning of the cavity. Only the calibrated attenuator 
i n  the detector amplifier was changed for recording the dif- 
ferent spectra. In this way good reproducibility in the re- 
cording of signal heights was obtained. Line heights were 
measured of the low-field line of the nitroxide-triplet spectrum, 
since this spectral region is not complicated by the ascorbate 
free radical signal. All measured line heights were standardized 
relative to the appropriate control samples as explained 
above. 

Phase Transition Measurements. The Tempo spin-label (11) 
and the dipalmitoylphosphatidylcholine spin-label (111) were 
used as indicators of the DMPC phase transition. In the former 
case. the DMPC was dispersed at  a concentration of 25 mg/ml 
in a 10-4 M solution of Tempo in buffer. Sonication was then 
carried out as described for the permeability experiments. For 
experiments involving the dipalmitoylphosphatidylcholine 
spin-label. a chloroform solution of D M P C  plus spin-label a t  
a 100: I mole ratio was evaporated under vacuum, after which 
the lipid was lyophilized from a minimal volume of benzene. 
The anhydrous lipid mixture was then dispersed at  a concen- 
tration of 25 mg/ml in the standard Tris buffer, and sonicated 
as  described for the permeability experiments. ESR spectra 
were recorded at 1-2 "C intervals, using heating rates of about 
15 OC/h. During the 2 h required for each experiment, no 
change was seen in the appearance of the vesicle suspension, 
and on cooling the sample, no appreciable hysteresis was ob- 
served. 

C'd i imn  Chromatography of Vesicles. Column chroma- 
tography of DMPC vesicles, prepared as described for the 
permeability experiments, was performed on a Sepharose 2B 
column jacketed at 32 "C. The method was essentially similar 
t o  that described by Huang (1969) for the fractionation of egg 
lecithin vesicles. Two milliliters of 25 mg/ml of sonicated 
DMPC suspension in buffer was applied to the column and 

eluted with buffer in 3-ml fractions. The optical density of the 
eluant was monitored at  230 nm. 

Electron Microscopy. For freeze-etching, DMPC vesicle 
suspension, prepared as for the permeability experiments, was 
placed on copper disks and rapidly frozen in liquid Freon 22. 
Specimens were fractured at  -100 "C in a NGN680 freeze- 
etch apparatus, and etched by sublimation for 15 s. Freeze-etch 
replicas were examined with a Phillips E M  200 electron mi- 
croscope operating a t  60 or 80 kV.  

Results 
The elution profile of sonicated DMPC vesicles fractionated 

on Sepharose 2B is given in Figure 1. The sonication conditions 
used in this preparation were identical with those used in the 
preparation of vesicles for the permeability experiments. These 
results show that under these sonication conditions, the DMPC 
dispersion is converted almost entirely into small vesicles which 
are retarded by the gel (cf. Huang, 1969). Unchromato- 
graphed vesicles were used for the permeability experiments 
because it was found that the eluted vesicles were unstable to 
reconcentration (by vacuum dialysis) to the levels required for 
the permeability assay. The freeze-etch electron microscopy 
also revealed that the unfractionated, sonicated material 
consisted almost completely of small, single-bilayer vesicles 
of outside diameter approximately 200 A. 

Figure 2 shows a typical spectrum of Tempo-choline at 0 "C 
taken up into the occluded volume of D M P C  vesicles. The 
spectrum from external Tempo-choline was removed by 
treatment with ascorbate at 0 "C, prior to recording the 
spectrum. The spectrum of the control sample (with no added 
ascorbate) is also included for comparison. The results of ex- 
periments to investigate the time course of the irptake, a t  
various temperatures. of Tempo-choline added outside the 
vesicles are given in Figure 3. The uptake rises steeply initially. 
giving 21 measure of the permeability of the vesicles to 
Tempo-choline on the outside. and then flattens off to a lim- 
iting value which is a measure of the final, equilibrium uptake 
by the vesicles. The zero-time values for the uptake in Figure 
3 are seen to be relatively small, confirming that initially the 
Tempo-choline is essentially excluded from the vesicles. (The 
zero-time ESR signal is attributed to Tempo-choline bound 
to the lipid and inaccessible to ascorbate, rather than being in 
solution within the vesicles.) It was found that this zero-time 
value remained constant for vesicles stored at  4 "C for periods 
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FIGURE 3 :  Time course of uptake of Tempo-choline I into dimyristoyl- 
phosphatidylcholine vesicles, on incubation at  various temperatures. 
Plotted is the height of the Tempo-choline ESR spectrum at  0 O C  (ex- 
pressed as a percentage of the line-height of the 3 mM Tempo-choline 
originally outside the vesicles-the control) remaining after treatment 
of the vesicles with ascorbate a t  0 O C ,  against the time of incubation of 
thevesicles. Incubation temperature: (0) 17.2 'C, (A)  20 'C, (0) 22 'C, 
( v )  24 OC, ( 0 )  26 "C. (t) 28 "C, ( X )  30 'C. 
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F I G U R E  5 :  (a) Temperature dependence of the initial rate of uptake of 
Tempo-choline into dimyristoylphosphatidylcholine vesicles (- 0 -), 
and of the limiting uptake after a long period of incubation (- - A - -). 
(Deduced from the data of Figure 3.) (b) Temperature dependence of the 
rate constant for Tempo-choline release from dimyristoylphosphatidyl- 
choline vesicles. (Deduced from the data of Figure 4.) (c) Temperature 
dependence of spin-label indicators of the phase transition in dimyris- 
toylphosphatidylcholine vesicles. ( 0 )  Fractional partition of Tempo 
spin-label I I  into the vesicles, ( A )  All hyperfine splitting of the dipalmi- 
toylphosphatidylcholine spin-label I l l  intercalated in the vesicles. 

F I G L R E  4: Time course of release of Tempo-choline I contained within 
dimyristoylphosphatidylcholine vesicles, on incubation at  different tem- 
peratures. The plot is of the normalized Tempo-choline ESR spectrum 
height (logarithmic scale) at 0 OC, remaining after treatment of the vesicles 
with ascorbate a t  0 " C ,  against time of incubation of the vesicles. Incu- 
bation temperature: (0) 17.5 " C ,  ( A )  20 "c, (0) 22 'C, (V)  24 "C, ( 0 )  
26 ' C .  (t) 28 'C, ( X )  30 "C, ( 0 )  32.8 "C. For clarity, the plots at the 
different temperatures are displaced relative to one another. 

of up to 24 h, showing that the vesicles are stable for reasonably 
long periods under these conditions. This point is important, 
since samples were stored at  this temperature prior to the start 
of incubation, and in the release experiments samples were 
dialyzed overnight a t  this temperature. Similar results on the 
time course of the release of trapped Tempo-choline from 
DMPC vesicles are given in Figure 4. Here a logarithmic plot 
of the quantity of residual Tempo-choline within the vesicles 
against time is used, and the first-order rate constants obtained 
from the slopes are a direct measure of the permeability of the 
vesicles to Tempo-choline. The zero-time values from the re- 
lease experiment samples showed that approximately twice the 
signal intensity was recorded from the control sample, implying 
that equal quantities of Tempo-choline were present within and 
outside the vesicle. Since the volume within the vesicles is only 

about 1% of the total sample volume (as seen by the limiting 
uptakes in Figure 3), the initial external Tempo-choline con- 
centration is thus only 1% of the internal concentration and 
contributes negligibly to the concentration gradient across the 
bilayer. 

The temperature profiles of the vesicle permeability are 
compared in Figure 5 with the temperature response of spin- 
labels that indicate the structural lipid phase transition. Figure 
5a gives the initial slope of the uptake curves in Figure 3. This 
is directly related to the inward permeability of the vesicles. 
Figure 5b gives the first-order rate constant for the Tempo- 
choline release deduced from Figure 4. This is directly related 
to the outward permeability of the vesicles. Figure 5c gives the 
temperature dependence of the outer splitting, 2A,1, in the ESR 
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F I G L K ~  6: ( a )  ESR spectrum at  31 OC of the dipalmitoylphosphatidyl- 
choline spin-label I I I  in sonicated vesicles of dimyristoylphosphatidyl- 
choline. (b)  ESR spectrum at  31 O C  of the Tempo spin-label I1  in a soni- 
cated dispersion of dimyristoylphosphatidylcholine. hw indicates the 
spectrum from I 1  i n  the aqueous phase and hL the spectrum from 11 par- 
titioned into the lipid. The fractional partition i s : f =  h L / ( h w  + h ~ ) .  

spectrum of the phospholipid spin-label 111, and also the 
temperature dependence of the partitioning of the Tempo 
spin-label I1 into the bilayer. Representative spectra are given 
in Figure 6 that defines the measured parameters. The outer 
splitting in the spectrum of 111 is a measure of the amplitude 
of motion of the phospholipid chains, and the partitioning of 
I1 is a measure of the fluidity of the lipid membrane (see, e.g., 
Smith et al., 1976; Knowles et al., 1976). As can be seen from 
Figure 5c, both of the spin-labels are indicators of the lipid 
phase transition. Comparison of Figure 5a,b with 5c shows that 
the DMPC vesicles a re  completely impermeable to Tempo- 
choline below the phase transition, and the permeability peaks 
to a maximum at  the center of the phase transition, becoming 
much lower again above the phase transition. 

Since the DMPC suspension used consists of relatively ho- 
mogeneous, single-bilayer vesicles it is possible to derive the 
permeability, coefficients and effective diffusion coefficients 
for the transport of Tempo-choline through the DMPC bilayer. 
The permeability coefficient, P ,  is given by the following 
equations for the uptake and release experiments, respective- 
ly:  

P = R . .  init c olA (1) 

P = kreleasc o, /A  (2) 

where R,,i, is the initial, fractional rate of uptake, kreleaSe is 
the first-order rate constant for the release process, LO is the 
total sample volume, and ri = 6 X uo is the total internal vol- 
ume of the vesicles, $ being the fractional occluded volume (6 
can be taken as 0.014, as  measured from the limiting Tempo- 
choline uptake in Figure 5a). The total vesicle surface area, 
A is given by: 

A = avesnves ( 3 )  

where the area per vesicle, aves and the total number of vesicles, 
rives, can be calculated if the mean vesicle radius, rm (taken as 
measured to the center of the bilayer), and the vesicle molec- 
ular weight, M ,  respectively, are  known. The appropriate re- 
lationships are: 

aves = 4~r ,?  (4) 

n v c s  = ( C l i p i d / M ) N A v U O  (5) 

where c1ip,d is the lipid concentration in g cm-3 and NA\. is 

FICLKE 7: Illustration of the lateral configuration in the surface of a lipid 
vesicle part way through the phase transition. S are areas of ordered phase 
lipid molecules, Fa re  areas of fluid phase lipid molecules, 1 are interfacial 
areas of lipid molecules which are undergoing the transition. 

Avogadro's number. The following values for the mean vesicle 
dimensions have been obtained: r,  = 89 A, M = 1.9 X loh and 
the bilayer thickness: d = 3 1 8, (Watts, Knowles, and Marsh, 
to be published). These figures yield the following values for 
the permeability coefficients measured at  the permeability 
maxima in Figure 5a,b: P = 3.0 X cm/s  and P = 6.8 X 
lo-" cm/s  for the uptake and release experiments, respec- 
tively. The corresponding diffusion coefficients, D = P X d ,  
are: D = 9.4 X cm*/s and D = 2.1 X lo-' '  cm*/s for 
uptake and release, respectively. The difference in permeability 
coefficients from the uptake and release experiments can be 
attributed to the different time domains over which the per- 
meabilities have been measured. In the uptake experiments the 
permeability was measured from the initial rate in the first 5 
min, whereas in the release experiments the permeability was 
obtained from a rate constant measured over a 30-min period. 
If the rate constant for Tempo-choline release a t  24 O C  is 
measured solely over the first 5 min, then the resulting per- 
meability coefficient is P = 2.8 X cm/s  in good agree- 
ment with results from the uptake experiment. The Tempo- 
choline permeability thus appears to be biphasic, but the im- 
portant result is that the permeability peaks to a sharp maxi- 
mum at the transition temperature in both the fast and the slow 
phases. 

Theory 
Model fo r  the Cooperatioe Transition. In  this section the 

Zimm and Bragg (1959) theory of cooperative helix-coil 
transitions is applied to the calculation of the numbers of 
molecules in the various states a t  different stages of the or- 
dered-to-fluid transition in the phospholipid bilayer. These 
calculations are  characterized by a cooperativity parameter 
that has its origin in the interfacial energy between the fluid 
and ordered regions of lipid and can be related to the width of 
the transition and the effective size of the cooperative unit in 
the transition. 

It is assumed that there are  essentially three states that the 
lipid molecules can take up during the transition, namely the 
ordered state, s, the fluid state, f, or the interfacial region be- 
tween the ordered and the fluid phases, i (see Figure 7). The 
free energies of the molecules in these three states are deter- 
mined primarily by contributions: from the internal energy of 
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the molecules arising from rotational isomerism in the lipid 
chains, from the intermolecular van der Waals forces between 
the chains, from the electrostatic interactions between the polar 
headgroups, and from the configurational disorder of the lipid 
chains (see, e.g., Marsh, 1974b). If a molecule in the ordered, 
all-trans state is arbitrarily assumed to have free energy F ,  = 
0, and the free energy of a molecule in the fluid state sur- 
rounded by other molecules in the fluid state is Ff relative to 
the ordered state, then the free energy of a molecule a t  the 
interface between fluid and ordered regions can then be given 
by: Ff + Fi, where Fi is the additional free energy which arises 
from the mismatch in molecular packing between the ordered 
and fluid domains. (Fi is arbitrarily assigned as the additional 
energy of a "fluid molecule", since the interfacial energy has 
only to be counted once.) The mismatch in packing causes the 
interfacial state to be energetically unfavorable because the 
disruption of the attractive van der Waals energy is greater 
than the gain in entropy from configurational disorder. This 
arises from the rapid distance-dependence of van der Waals 
forces. Fi thus has the character of an interfacial energy that 
tends to reduce the number of molecules a t  phase boundaries, 
hence giving rise to the cooperativity in the system. 

Statistical Mechanics. The cooperativity that arises from 
it being energetically more favorable for a molecule to be 
surrounded by molecules in the same state as  itself can be 
summarized in a statistical weight matrix (see, e.g., Flory, 
1969), whose elements ucn are the statistical weights of mole- 
cules in a state j-with the surrounding molecules in state 9 (7  
= {, only if all the surrounding molecules are in state {): 

s f  

s = exp(-Ff/RT) (7) 

a = exp(-F,/RT) (8) 
The molecular partition function is given by: 

z = z,"i Z f n f  Z," l  (9) 

where n, and nf are the numbers of molecules in the ordered 
and fluid states, respectively, and n ,  is the number of fluid state 
molecules which are present a t  the interface, the total number 
of molecules being n = (n ,  + nf). z ,  and z f  are  the molecular 
partition functions of molecules in the ordered and fluid states, 
respectively, and z ,  is the molecular partition function corre- 
sponding to the excess energy of molecules a t  the interface. 
Substituting for the molecular partition functions, eq 9 be- 
comes: 

n,,nr.n, 

n 

nr=O 
z = $ " f a n ,  (10) 

This sum may be evaluated, allowing for the proportion of 
molecules which are  present a t  the interface, by sequential 
multiplication of the statistical weight matrix (Flory, 1969): 

I : I  z = (1 0 )Un  

The evaluation is facilitated by diagonalizing the statistical 
weight matrix; the roots of the secular equation of eq 6 are: 

A l , 2  = '/2[(1 + s) f d(1 - s)2 + 4sal  (12) 

Since the number of molecules, n ,  is large, the following ap- 

0.5 1 0  S 1 5  
FIGURE 8: Model for the cooperative transition. (a) Fraction of molecules 
at  the phase boundaries (interfacial molecules) plotted against the nor- 
malized temperature parameter, s. (b) Fraction of molecules in the fluid 
phase (degree of transition) plotted against s, for various values of the 
cooperativity parameter, g. 

proximation for the partition function then holds: 

where A I  is the larger root. 
From eq 10 and 13 it can be shown that the mean fraction 

of molecules, 0, in the fluid state (or the degree of transition) 
is: 

z = A , "  (13) 

and the mean fraction of molecules, 7, in the interfacial region 
between the fluid and ordered phases is: 

( n , )  1 d l n Z  d In A1 
d In  u 

v=n=ndlncr-- - 

Substitution from eq 12 leads to the following expressions: 

(s - s - l  1)2 + 4us 1 
and 

(17) 
2 us 

( 1  + S ) d ( l  - - S ) * + 4 O S + ( l  - s ) 2 + 4 a s  
7 =  

The fraction of molecules, 7, in the interfacial region and 
the degree of transition, 8, are  plotted against s for various 
values of a in Figure 8. The qualitative agreement of Figure 
8a,b with the temperature dependence of the Tempo-choline 
permeability (Figure 5a,b) and the spin-label indication of 
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I IC;LKE 9: Comparison of the calculated fraction of interfacial lipid 7, 
w i t h  the measured temperature profile of the permeability. Solid line 
calculated values of q for u = 4 X broken line: calculated values for 
(T = 2.6 X (in the latter case thevertical scale must be multiplied by 
a factor of 0.82). (0) initial rateof uptake, (A) first-order rateconstant 
(or release. 

structural phase transition (Figure 5c), respectively, is obvious. 
The center of the transition, T,, is defined by the point a t  which 
0 = 0.5 (cf. Figure 8b) and corresponds to s = 1 in eq 16. For 
small deviations about the center of the transition, the s de- 
pendence of Figure 8 can be transformed into a temperature- 
dependent scale by a Taylor Series expansion about Tt  (s = 
1 ): 

AH t 
RTt2 

S =  1 + - ( T -  T,) 

where AH, is the molar enthalpy of transition, demonstrating 
that the s scale is linear in temperature for small deviations 
from Tt. 

From Figure 8b it is clear that the width of the transition 
depends on a; in fact, substitution in eq 16 shows that 0 goes 
from 0.28 to 0.72 as s goes from 1 - to 1 + a1/2, i.e., ap- 
proximately 75% of the transition takes place within the range 
& u ] / ~ .  Substitution in eq 18 shows that the width of the tran- 
sition over this range is given by: 

Clearly, u is an index of the cooperativity of the transition, the 
smaller a, the greater is the degree of cooperativity, i.e., the 
narrower the transition. In addition, it may be shown that a 
is directly related to the effective size of the cooperative unit 
undergoing the transition (Trauble, 1971; Tsong et al., 1970; 
Marsh et al., l976a), and also to the mean size of the areas of 
ordered and fluid lipid shown in Figure 7 (Marsh et al., 
1976a). 

The value of a can be determined from data such as that in 
Figure 5c, using the slope of the degree of transition curve in 
the region of the center of the transition. Differentiation of eq 
16, using eq 18, yields: 

1 A H ,  

indicating that 0 will have a linear dependence on 1 / T  in the 
region close to T I ,  with a slope - A H , / ~ R O ' / ~ ,  from which a 
can be calculated. 

Comparison with Experiment. Fitting the temperature 
dependence of 0 deduced from the spin-label data of Figure 5c, 

, M A R S H ,  W A T T S ,  A N D  K N O W L E S  

with a plot of 8 against 1/ T as indicated by eq 20, yields a value 
of a = 4 X from the data for both spin-label I1 and 111. 
A value of AHl = 6.64 kcal/mol is used for the calorimetric 
enthalpy of transition in these calculations (Chapman et al., 
1967, Hinz and Sturtevant, 1972). 

The values for the fraction of interfacial lipid, q,  calculated 
using the above value of u = 4 X are  compared with the 
temperature profile of the Tempo-choline permeability in 
Figure 9. The fit of the experimental data to  the model is rea- 
sonably good, the actual experimental points varying somewhat 
more steeply with temperature below T, .  In this connection 
it should be emphasized that the value for a is determined by 
a completely independent set of experiments. To  indicate the 
degree of precision of the fit, values of q calculated for u = 2.6 
X 1 0-3 are  also included. This value of a represents the max- 
imum upper limit on the slope of the degree of transition 
curves. 

The correlation between the permeability and the fraction 
of interfacial lipid demonstrates that  it is these latter regions 
that are responsible for the permeability and it is possible to 
use the values of 7 to calculate the intrinsic permeability of the 
interfacial regions (rather than the average permeability for 
the whole vesicle such as was calculated previously). At the 
center of the transition the intrinsic permeability of the in- 
terfacial regions is approximately 34 times greater than the 
vesicle permeability calculated above. Thus, the results from 
the uptake experiments (fast phase) a re  P(T , )  = 1.0 X 
cm/s  and D( Tr)  = 3.2 X cm2/s, and for the release ex- 
periment (slow phase) are: P(T , )  = 2.3 X cm/s and 
D(T,)  = 7.1 X cm2/s. 

Discussion 
The use of single-bilayer lipid vesicles of known dimensions 

has made it possible to measure the permeability coefficient 
to Tempo-choline. The values obtained for the vesicle perme- 
abilit) coefficient a t  the phase transition (-l0-Io cm/s) are  
two orders of magnitude larger than those typically obtained 
for the permeability of black lipid membranes to the consid- 
erably smaller inorganic cations, N a +  and K+ cm/s, 
see, e.g., Jain, 1972). In this latter case, the lipids of the black 
lipid membrane are in the fluid phase. 

The enhanced permeability is an intrinsic property of the 
vesicle and does not arise from vesicle fusion, since it was found, 
both by freeze-etch electron microscopy and by using the 
Taupin and McConnell ( I  972) protected volume assay, that 
negligible fusion took place with the incubation temperatures 
and times used here (Marsh, Watts, and Knowles, to  be pub- 
lished). This latter result is in agreement with the findings of 
Kantor and Prestegard (1  975), who concluded that their earlier 
report (Prestegard and Fellmeth, 1974) of rapid fusion of 
DMPC vesicles a t  the phase transition was due to an uniden- 
tified lipid contaminant. 

The temperature variation results of Figure 5 demonstrate 
that the origin of the high permeability a t  the phase transition 
lies in the interfacial lipid a t  the boundaries of the regions of 
fluid and ordered phase that are assumed to coexist during the 
transition (see Figure 7). Since the Tempo-choline perme- 
ability is much smaller both above and below the transition, 
the enhanced permeability can be attributed neither to the fluid 
nor to the ordered phase lipid but arises from the areas of 
mismatch in molecular packing which occur a t  the interfacial 
regions between these two phases. Calculations of the fraction 
of interfacial lipid molecules, 7, a t  various stages throughout 
the transition confirm this interpretation (Figure 9). The  fit 
of the calculated values of 7 to the temperature profile is not 
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exact, but the more rapid fall-off in permeability below the 
transition can be accounted for if it is assumed that the intrinsic 
permeability of regions a t  the interface of a small area of fluid 
lipid surrounded entirely by ordered lipid is not so high as  in 
the reverse situation. The calculation that the intrinsic per- 
meability of the interfacial regions a t  the center of the transi- 
tion is over 30 times greater than the overall vesicle perme- 
ability indicates further how dramatically different the prop- 
erties of the interfacial regions are  from those of the ordered 
and fluid phases. 

Similar results on the ion permeability of PC bilayers have 
also been obtained by other workers, in agreement with the 
above interpretation. Measurements of the K+ permeability 
of multilayered liposomes of D M P C  + 2% phosphatidic acid 
by Blok et al. (1975) have demonstrated a sharp peak in the 
permeability a t  the phase transition, with very low permeability 
above and below the transition. Measurements on dipalmi- 
toylphosphatidylcholine bilayers (Blok et  al., 1975; Papa- 
hadjopoulos et al., 1973; Nichols and Miller, 1974; Wu and 
McConnell, 1973) have shown that the ion permeability ex- 
hibits a small, relatively sharp peak a t  the phase transition, 
although this peak is considerably smaller than for D M P C  
liposomes (Blok et  al. 1975). In addition, Blok et al. (1975) 
have demonstrated a K+ permeability maximum in the lateral 
phase separation region of DMPC-dipalmitoylphosphati- 
dylcholine mixed bilayers. 

It is possible, to extend the above analysis to mixtures of 
lipids under conditions of lateral phase separation by using eq 
19 to estimate (r from the width of the lateral phase separation 
region. From consideration of Figure 8a, it is to be expected 
that the proportion of the interfacial lipid will be much greater 
in systems exhibiting lateral phase separation, since the co- 
operativity of the transition is significantly lower. For equi- 
molar mixtures of phosphatidylcholines differing in chain 
length by only two carbon atoms (which show cocrystallization: 
Shimshick and McConnell, 1973; Chapman et al., 1974; de 
Kruyff et al., 1974) a value of ~ ( s  = 1) 0.05 is obtained for 
the fraction of interfacial lipid a t  the center of the transition. 
This is to be compared with the value of ~ ( s  = 1) = 0.007 for 
the single phospholipid (Hinz and Sturtevant, 1972). For 
equimolar mixtures of phosphatidylcholines with phosphati- 
dylethanolamines of equal chain length (Shimshick and 
McConnell, 1973; Chapman et  al., 1974; Blume and Acker- 
mann, 1974) the value is even larger: ~ ( s  = 1) 0.10. These 
relatively high values of 17 indicate that phase boundary lipid 
will probably be important in determining the properties of 
lipid mixtures under conditions of lateral phase separation, 
although the mismatch in molecular packing might not, 
however, be so acute in the mixed systems as that found with 
the single lipids. 

Concerning the biological significance of the interfacial 
lipid, it is possible that the sharp increase in permeability a t  
the phase transition could be a mechanism for the release of 
chemical transmitters, (e.g., acetylcholine or adrenaline which 
are  of comparable size and charge properties to Tempo-cho- 
line), or possibly even enzymes, from secretory granules. In this 
connection it is relevant to note that a structural transition, 
attributed either to a phase transition or some form of phase 
separation, has recently been demonstrated to occur in the lipid 
phase of the membrane of the chromaffin granule which is 
responsible for the storage and release of adrenaline from the 
adrenal medulla (Bashford et ai., 1976; Marsh et al., 1976b). 
A further implication could be in the function of proteins 
embedded in the lipid phase of the membrane. The peculiar 
packing properties of the interfacial lipid could facilitate 

conformational changes within proteins; the reported twofold 
increase in sugar transport rate of E .  coli fatty acid auxotrophs 
resulting from a 1 "C decrease in temperature from the fluid 
to the phase-separation region (Linden et al., 1973) could be 
the result of such a mechanism. The elegant experiments of O p  
den Kamp et al. (1975) on the temperature dependence of the 
rate of hydrolysis of phospholipids by porcine pancreatic 
phospholipase Az, which were interpreted as showing that the 
enzyme could only penetrate the lipid bilayer in the interfacial 
lipid regions, also indicate the possibility of such a mechanism. 
Taken together with the calculations of the fraction of inter- 
facial lipid in the present paper, these latter experiments pro- 
vide a convincing demonstration of the possible importance of 
phase boundary lipid in the functioning of biological mem- 
branes. 

Finally it should be pointed out that there are  now several 
reports of lipid phase transitions taking place at  physiological 
temperatures in biological membranes, e.g., the chromaffin 
granule membrane system quoted above (Bashford et al. 1976; 
Marsh et al., 1976b), the cytochrome P450-reductase system 
in liver microsomes (Stier and Sackmann, 1973) and the lung 
surfactant system (Trauble et al., 1974). However, it is likely 
that the results of this paper will be of considerably greater 
generality, since there are  many other interfaces within bio- 
logical membranes at  which a mismatch in molecular packing 
could occur. Packing defects a t  the interfaces between different 
domains of ordered phase lipid have already been suggested 
to occur (Lawaczeck et al., 1975) and of most importance are 
the possible functional implications of molecular mismatch a t  
lipid-protein interfaces. 
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