
Blvchtmt(a et Btoph ~ stc a A t ta 419 ~ 1976) 206-222 
e [~lse~ler St.lentlhc Pubhshmg ( o m p a n 3 ,  A m s t e r d a m -  Printed m The Netherlands 

BBA 77167 

I N T E R A C T I O N S  OF PROTEINS AND CHOLESTEROL WITH LIP1DS IN 

BILAYER MEMBRANES 

W O L F G A N G  K L E E M A N N *  and H A R D E N  M McCONNELL**  

Stauffer Laborator, Jor Ph)sual Chelmstr~, StanJord, CahJ 94305 (U S A ) 

(Received June 16th, 1975) 

S U M M A R Y  

Mixtures of hplds and protein, the ATPase from rabbit sarcoplasmlc retlcu- 
lure, were studied by freeze-fracture electron mtcroscopy and by measurement of the 
amount  of  fired hpld with the spin label 2,2,6,6-tetramethylplperldme-t-oxyl (TEM- 
PO) In dlmyrlstoyl phosphatldylchohne vesicles the protein molecules were randomly 
distributed above the transition temperature, T,, of  the lipid and aggregated below T, 
For mixtures of  dtmyrlstoyl and dlpalmltoyl phosphatldylchohne the existence of 
fluid and solid domains was shown m the temperature interval predicted from earlier 
TEMPO measurements When protein was incorporated into this lipid m~xture, 
freeze-fracture particles were randomly distributed m fluid hplds, or aggregated 
when only solid hp~ds were present 

In mixtures of  dlmymsto~l phosphatldylchohne with cholesterol the protein 
was distributed randomly above the transition temperature of the phosphatJdyl- 
choline Below that transition temperature the protein was excluded from a banded 
phase of solid hpld in the case of 10 mol ° o cholesterol In mixtures containing 20 
tool ° o cholesterol, protein molecules formed hnear arrays, 50-200 nm m length, 
around smooth patches of lipid 

Phase dmgrams for lipid/cholesterol and lipid/protein systems are proposed 
which account for many of the available data A model for increasing sohdlficatlon of 
h p l d  around protein molecules or cholesterol above the t ransmon temperature of the 
hpld is discussed 

I N T R O D U C T I O N  

It 1s by now well known that lipid molecules m lipid bllayers undergo phase 
transitions and phase separations [l, 2] At temperatures below the phase trans~hon 

Abbreviation TEMPO,  2,2,6,6-tetramethylplpendme-l-oxyl, HEPES, N-2-h~droxyethyl- 
plperazme-N'-2-ethanesulfomc acid 
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the hpld hydrocarbon chains are relatxvely rigid and extended, above the phase transi- 
tion they are flexible and have a higher probablhty of 9auehe conformations The 
influence which protein or cholesterol molecules have on the phases, phase transitions 
and phase separations ~s not understood qu~te as well Neaher ~s the influence of the 
hp,ds on the d~stnbut~on of  protein molecules m the membranes 

From a number of studies [3-10], ~t is known that the distribution of pamcles 
which are beheved to be manifestations of protein molecules, m a membrane fracture 
face changes w~th temperature and hptd composition The protein molecules appear 
to be excluded from patches of sohd hpld The composltmn of these membranes is, 
however, not defined as much as one would like it to be Studies were therefore 
undertaken on reconstituted bflayers made from single hpids or s~mple m~xtures and a 
defined protein The particular protein m these studies was the (Mg2++Ca2+)  - 
ATPase from rabb~t sarcoplasm~c ret~culum and it was incorporated into d~mynstoyl 
phosphatldylchohne or mixtures of dlmynstoyl and dlpalmltoyl phosphatldylchohne 
or dlmynstoyl phosphat~dylchohne and cholesterol Ewdence is also presented for the 
existence of a sohd and a fluid phase in bllayers formed from eqmmolar m~xtures of 
d,myrIstoyl and d~palmltoyl phosphat~dylchohne at temperatures predicted from the 
phase dmgram of Sh~msh~ck and McConnell [2] 

METHODS 

Preparation of hptd-exehanged A TPase 
The (MgZ++CaZ+)-ATPase was isolated by minor modifications of the 

procedure of Warren et al [11, 12] Sarcoplasmlc retlculum vesicles in 250raM 
sucrose in gradient buffer (1 M KC1, 50 mM Trls C1, pH 8, 2 5 mM dlthiothreltol) 
and a 10 ~ solution of sodium cholate (Sigma) were mixed at a ratio of 0 5 mg chohc 
acid/rag sarcoplasmlc retlculum protein A pellet of undissolved material was removed 
by centrffugatlon at 160 000 ×9 for 25 mm at 4 °C The supernatant was layered on 
top of a 60-20 ~ (w/v) continuous sucrose gradient m gradient buffer and centrifuged 
at 90 000 ×O for 24 h at 4 °C An opaque band formed at approx 45-50 ~o (w/v) 
sucrose and was collected through the bottom of the tube The 1 ml fractmns were 
assayed for protein, lipid, ATPase activity and by gel electrophoresls The pumfied 
ATPase contained small amounts of protein of higher molecular weight The lipid 
content was 16 °/o (w/w) and ATPase activity at 37 °C was 7 3 units/rag protein These 
values correspond closely to those reported by Warren et al [11 ] 

The dlmynstoyl and dlpalmltoyl phosphatldylchohnes (Calblochem) used for 
lipid exchange and reconst~tUtlOn were pure by thin-layer chromatography, but gas 
chromatography indicated the presence of small amounts of shorter fatty acids Dry 
dlmymstoyl phosphatldylchohne was dlssolved m cholate solution, using 1 mg cholate/ 
mg phosphohpld Dissolution was reded by brief somcatlon m a bath somcator 
(Heath Systems) Gradient buffer and ATPase protein solution were added to give a 
total volume of  2 0 ml with a protein lipid ratio of  between 1 1 and 1 2 (w/w) 
After incubation for approx 1 h at room temperature or several hours m the refri- 
gerator, the samples were layered atop step gradients comprised of 0 6 ml 50 ~ (w/v) 
and 1 9 ml 20 ~ (w/v) sucrose m gradient buffer The gradients were centrifuged at 
160 000 ×9 for 15 h at 25 °C and an opaque band was removed with a pipet from the 
top part of the 50 ~ (w/v) sucrose layer It was homogenized and assayed The 
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lipid substitution was repeated using a protein lipid ratio of between 1 I and 1 3 
(w/w) The band of doubly hpld-exchanged ATPase was homogenized assayed and 
used m dmlysls-reconstltUtlon experiments 

L~p'd exchange had to be u m e d  out at 25 C, otherwise most of the activity 
was lost Similar adJustments were recently found necessary b3 Warren et al [13] 
The doubly hp~d-exchanged ATPase had act~vmes of the order of 3 units/rag 

Fotmatton of teswles 
Liplds were dissolved in chloloform and mixed m the appropriate amounts. 

The solvent was evaporated by passing a stream of nitrogen into the tube and last 
traces of solvent were removed in a vacuum desmcator overmght To the dried hplds 
was added 0 5 ml dialysis buffer (8 mM N-2-hydroxyethylplperazlne-&'-2-ethane- 
sulfomc acid (HEPES), pH 7 25 with KOH, 250 mM sucrose, 400 mM KC1, 1 5 mM 
MgSO 4, 0 1 mM CaC12, 1 mM EDTA, l mM NaN 3 [14]) Llposomes were formed by 
vortexlng with lntermlttant heating to above the transition temperature of the h~gher 
melting hpld The hposomes were then broken up by bnet sonlcatlon m a bath 
somcator and cholate was added at a level of I m g  detergent/mg hpld plus protein The 
solution cleared upon shaking, except when the cholesterol content exceeded 20 tool 
",, of the total lipid Protein was added to give a lipid protein ratio of 2 1 or 9 I 
(w/w) After incubation for several hours at 4 C and warming up to the desired 
dialysis temperature, generally 30 C, the samples were dlalysed against 150-300 vols 
of dialysis buffel Dialysis was continued for 2-4 days with buffer changes approxi- 
mately every 12 h For the final 6-12 h the nomomc polymerm adsorbent Amberhte 
XAD-2 (Malhnckrodt) was included in the dialysis buffer at a level of 10 g/l, to 
sequester any residual detergent [I 1, 12] The dlalysate was centrifuged at 29 000 "~ q 
for 20 mln and the supernatant plpetted off The pellet was dispersed by slightly 
heating and vortexlng 

ReconstltUtlOn, here meaning the incorporation of protein into bllayer vesicles 
of synthetic lipid, led to ATPase activities of about 1-2 umts/mg Ca 2 + uptake was 
not generally measured and was quite low m most cases Not all protein incorporated 
into bflayers, but formed some sort of aggregates w~th hpld, especially when the 
specific activity was very low or when dmlysls was carried out at low temper- 
atures 

Freeze-fracturm9 
Small sample droplets of dispersed pellets from tubes eqmhbrated at the 

desired temperature were plpetted onto copper planchets resting on a metal block of 
the same temperature The planchets were equilibrated for another minute m a 
chamber of the metal block and then rapidly plunged into pamally sohdlfied Freon 22 
(du Pont) Samples were kept under llqmd N2 until fracturing in a Balzers BAF301 
Freeze-Etching Device Fracturing was carried out at --116 'C with no etching 
Replicas were floated off on water, kept on sodium hypochlorlte solution (Chlorox) 
for 1 h, rinsed on water and transferred to ethanol They were picked up on bare 400 
mesh copper grids directly from ethanol or after stretching on water Mlcrographs 
were taken on 35 mm film with an mmal magmficatlon of about 12 000 ~ in Phlllps 
EM200 electron microscopes All prints are at a final magmficauon of 45 000 and 
are mounted with the shadow coming approximately from the bottom 
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Analvttcal techmques 
Protein was estimated by the method of Lowry et al [15], using a solution of 

bowne serum albumin (Mann Research Laboratories) as standard Phosphohptd 
content was determined by assaying for lnorgamc phosphate after d~gestmn of the 
sample wtth perchlorlc acid [16] Enzymatic actwlty of the ATPase (ATP hydrolysis) 
was determmed using the coupled enzyme assay described by Warren et al [11 ] A 
umt of actw~ty is that amount of enzyme which produces a turnover of 1 ,umol 
substrate in 1 mm Polyacrylam~de gel electrophoresls was carried out in the presence 
of  sodium dodecyl sulfate according to the method of Weber and Osborn [17] Fatty 
acid constituents of the hpld samples were analysed by gas chromatography of the 
methyl esters 

EPR measurements of the TEMPO spectral parameter ] were carried out as 
described by ShJmshlck and McConnell [2] TEMPO (2,2,6,6-tetramethylplperldlne- 
1-oxyl) is a small spin label that dmsolves in water and m fluid hydrophoblc bdayer 
regions The spectral parameterf ls  a measure of the amount of fired lipid present and 
can be used to detect the gel to hquld-crystalhne (sohd to fired) phase transmon in 
hpld bdayers and membranes 

RESULTS 

Spin label measurements 
The TEMPO spectral parameter f was measured for samples of dlmynstoyl 

phosphaUdylchohne w~th and without protein and for an eqmmolar mixture of 
dlmynstoyl and dlpalmltoyl phosphatldylchohne with protein (Fig 1) The sohd to 
fired transition was rather sharp, centered at 23 °C, for d~mynstoyl phosphat~dyl- 
chohne As increasing amounts of  protein were included, the transition broadened 
considerably The low temperature end did not change or decreased shghtly m tern- 
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F ig  I T E M P O  b ind ing  curves fo r  reconst i tuted vesicles Open symbols are po in ts  obtained by 
coohng the sample, closed symbols are points obtained during subsequent heating (~)  Dlmynstoyl 
phosphatldylchohne, (11) 90 % dlmynstoyl phosphatldylchohne wnh 10 % (w/w) protein, (O) 70 % 
dlmyrlstoyl phosphatldylchohne with 30 % (w/w) protein, (A) 75 % hpld (eqmmolar m~xture of 
dlmynstoyl and dlpalmnoyl phosphatldylchohne) with 25 % (w/w) protein 
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perature, the upper end shifted to increasingly higher temperatures and the change m 
dJ/dT was less sudden 

For the mixture of dlmyrlstoyl and dlpalm~toyl phosphatldylchohne the 
influence of the protein on the transition ~s far less pronounced An eqmmolar  mixture 
of these hplds exists as sohd and fired phases In eqmhbrmm at temperatures between 
29 and 34 oC [2] The high-temperature end of the phase separation region is hardly 
changed at all by inclusion of the protein The shghtly lower temperature for the begin- 
rang of melting could be due partly to the fact that th~s sample contained a httle more 
than an eqmmolar  amount  of dlmyrlstoyl phosphatldylchohne, as judged from gas 
chromatograms 

The samples were vesicles tightly packed by centrffugatlon m a chmcal centri- 
fuge The relative amounts of  water and hp d are therefore probably not the same 
Thus ~t cannot be concluded that the reduction m the absolute value o! J at temper- 
atures above the transition was due to a permanent sohdlficat~on of a fraction of the 
hpld b~ the protein, although th~s remains a possibility a~ wdl be d~scussed later 

Freeze-fra~ ture 6tudtes 
The ATPase was incorporated into vesicles made from dlmyrlstoyl phos- 

phatldylchohne, a mixture of dlmyrlstoyl and dlpalmltoyl phosphatldylchohne and 
mixtures of dlmynstoyl phosphatldylchohne with cholesterol In pure dlmyrlstoyl 
phosphat~dylchohne the particles in the fracture face. which are mamfestat~ons of 
protein molecules, were distributed randomly when a sample was quenched from 
above T t (Fig 2a) Any ordering that can be seen is hkely to be due to processes 
taking place during quenching of the sample In particular, ~t has been shown that the 
pattern of  disordered ridges or jumbled hnes was absent when h~gher quenching 
speeds were employed [18] At temperatures below T, the protein molecules were 
excluded from large banded regions These bands are characteristic for saturated 
phosphatldylchohnes below the transition temperature [19] and thus the freezing 
hpld must have excluded the protein from the crystal Similar observations on dark- 

F~g 2 Freeze-fractur~ mlcrographs of vesicles made from dlmynstoyl phosphattdylcholme with 
10 ~elght °o prote~n Samples were quenched from (a) 30 C and (b) I'~ C 
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adapted rhodopsm were reported by Chen and Hubbell [20] However, bleached 
rhodopsm did not form a separate phase under the same conditions, but stayed 
randomly distributed Glycophorm, the major glycoproteln from the human red 
blood cell [21], was also dispersed when it was included in a pure hpld, e g dlmyn- 
stoyl or dlpalmitoyl phosphatldylchohne, and examined below the transition temper- 
ature of the hpld [22] It thus appears that for the ATPase or dark-adapted rhodopsln 
the favorable crystal packing energy of the pure lipid outweighs the entropy which 
would be gained by random mixing For  bleached rhodopsm and glycophorm this zs 
not the case, or the energy difference is so small that only extremely low coohng rates 
would induce the formation of  two phases, one of pure hpld and another with protein 
and only very httle hpld 

In pure phosphatldylchollnes the transition from the gel to the llqmd-crys- 
talhne state occurs over a very narrow temperature interval, about 1 or 2 °C wide as 
judged from EPR measurements [2] For  binary mixtures of phosphatldylchohnes 
there exists an extended temperature region (fired and solid region) m which solid and 
fluid lipid patches coexist, as was inferred from differential scanning calorimetry [1 ] 
and from spin label data [2] Mixtures m which the two hplds differ by more than 
two carbon atoms m the acyl chains generally show partial solid phase immiscibility, 
also called monotectlc behavior [! ] For  these mixtures, freeze-fracture studies have 
revealed the presence of two kinds of domain between the two transition tempera- 
tures and, in the case when one lipid was d~oleoyl phosphatldyichohne, also below 
the lower transition temperature [19] Another mixture, that of dipalmltoyl and 
dlelaldoyl phosphatldylchohne, was carefully examined in freeze-fracture studies by 
Grant et al [23] The predictions from a spin-label-derived phase diagram were all 
verified, in that solid and fluid hpld phases coexisted in the fluid and solid region of  
the phase diagram in approximately the expected proportions This mixture is believed 
to form sohd solutions over the entire range of compositions [24], but the region of 
fluid and solid coexistence is rather large, from 13 to 32 °C No differential scanning 
calorimetry curves have been reported on this mixture, and so it Is not known whether 
this system exhibits two peaks like monotectlc mixtures, or only one broad one lake 
mixed crystals 

In Fig 3 freeze-fracture electron mlcrograpbs are shown for an eqmmolar mixture 
of dlmyristoyl and dipalmltoyl phosphatidylchohne This system forms solid solutions 
at all composmons as judged by the criteria of spin labeling [2] or differential scanning 
calorimetry As only one peak is observed in differential scanning calorimetry, this 
mixture is said to cocrystalhze [25], and the posslbdlty of observing two different 
phases in coexistence was therefore not investigated [19] From the spin-label-derived 
phase diagram, the coexistence of solid and fluid patches was predicted between 29 
and 34 °C. in an eqmmolar mixture [2] In these experiments, as expected, only very 
little fluid lipid was found at 31 °C, whereas at 33 °C the fluid phase made up at least 
half of the hpld areas exposed by the fracturing process (Fig 3b) At temperatures 
above T¢ all lipid had a "jumbled" appearance (Fig 3a) and below T s no jumbled or 
smooth lipid areas were observed, but only parallel ridges (Fig 3c) 

When the ATPase was incorporated into eqmmolar mixtures of dlmynstoyl 
and dlpalmltoyl phosphatldylchohne, the appearance of  the llpld was not changed 
The protein particles were randomly distributed in the fluid phase (Figs 4a and 4b) as 
longas fluid phase was present When only solid lipid was present, the protein formed a 
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separate phase with little lipid (Ftg 4c) and thus areas densely covered with particles 
and other areas with the ripple pattern were seen m the freeze-fracture mlcrographs 

In expertments on an eqmmolar mixture of dlelaldoyl and dlpalmltoyl phos- 
phatldylchohne the ATPase was also excluded from the solid phase hplds at all 
temperatures and randomly distributed in the fluid phase above Tf This behavior is 
analogous to that reported for glycophorln by Grant and McConnell [26] When only 
solid llpld was present, the ATPase again formed a separate phase 

Mixtures contamm9 cholesterol 
The effect of cholesterol on phase transitions of phosphatldylchollnes has been 

studied by a number of methods, such as differential scanning calorimetry [27, 28], 
X-ray diffraction [29], nuclear magnetic resonance [30] and electron paramagnetlc 
resonance spectroscopy [31 ] The picture that emerges from these studies, summarized 
in the review article by Oldfield and Chapman [32], is that cholesterol somehow 
flmdlzes a lipid that is below its transition temperature, but rigidities a lipid above T t 
Cholesterol is said to create an "intermediate fluid condition" In differential scanning 
calorimetry measurements the heat of the transition disappears at about 33 tool% 
cholesterol [27] and the sharp 4 15 A X-ray diffraction line disappears at about the 
same composltmn [29] A specific 2 1 interaction (mol phosphatldylchohne mol 
cholesterol) was therefore postulated and a phase separatxon into regions of 2 1 
complex and pure phosphatldylchohne Recent calorimetric evidence [28, 33] 
suggests that cholesterol at concentrations up to 20 tool ~o shows a preference for the 
species with the lower transition temperature in eqmmolar phosphatldylchohne mixtures 
which show phase separation below T s The phase formed by cholesterol and the 
lower melting hpld thus would contain 33 mol ~o cholesterol At higher cholesterol 
concentrations the heat of the upper transition is also decreased Phillips and Freer 
[34] favor a definite 1 1 molecular complex, based primarily on N MR studies and 
the observation by Bourg6s et al [35] that the maximum amount of cholesterol 
Incorporated Into phosphatldylchohne is 50 mol o/,, in the presence of excess water. 
However, Lecuyer and Dervlchlan [36] noted that the properties of this system did 
change at a tool ratio of 2 1 

In freeze-fracture preparations cholesterol diminished the intensity of the 
bands observed for pure dlmyrlstoyl phosphatldylchohne below T t at concentrations 
of less than 20 mol % At higher cholesterol concentrations no bands were observed, 
but bands of low amplitude could escape detection [5, 25] At all temperatures all 
areas looked homogeneous, l e either banded or smooth Thus, if a phase separatzon 
does occur, the domains do not differ in appearance, or the domain size is very small, 
for instance, bands of different composition could exist below T t of the phosphatldyl- 
chohne 

From the studies of the pure and m~xed phosphaudylchohne systems it was 
known that the ATPase preferred a fluid environment Thus there existed the poss~- 

F~g 3 Freeze-fracture mlcrographs of vesicles made from an eqmmolar rruxture of d~myr~stoyl and 
dJpalmltoyl phosphatldylchohne Samples were quenched from (a) 39 oC, (b) 33 rC and (c) 23 C 

Fig 4 Freeze-fracture mlcrographs of vesicles made from an eqmmolar mixture of dlmynstoyl and 
dlpalmltoyl phosphat~dylchohne with 25 weight ° o protein Samples were quenched from (a) 37 ~C, 
(b) 32 °C and (c) 20 °C 
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bdlty that the protein molecules could serve as a marker for the fluid phase, ~f fluid 
and sohd phases should coexist above the transtt~on temperature of the phosphatldyl- 
chohne The results of freeze-fracture experiments on preparations of dlmyrxstoyl 
phosphatldylchohne containing 10 or 20 mol o cholesterol and 10 or 33 wetght 0o 
protein are shown m F~gs 5 and 6 Two phases, one protein-rich and another protein- 
poor, were observed below T t (at 15 C) for samples contammg 10 tool °,, cholesterol 
(Fig 5a) The protein-poor phase had the band pattern whtch is observed m the 
absence of protein The amount of th~s phase depended on the amount of protein 
present, being much larger for preparations with only 10 weight ° o protein A revers- 
Ible decrease m the amount of protein-poor phase occurred when the sample was 
heated towards 23 °C, the translt~on temperature of d~mynstoyl phosphat~dylchohne 
An mtermedmte temperature point ~s shown m F~g 5b In samples with only 10 
weight o~, protein the decrease of protein-poor phase was not as easdy detected because 
only httle protein-rich phase was present mltmll~ Above 23 'C protein particles 
were distributed rather randoml:y over the entire vesicle face (Figs 5c and 5d) When 
only 10 weight ° o protein was present re&cations of small &sordered hnes (or bands) 
were seen m the ltp~d (Fig 5d), but these are thought to be due to rearrangements 
taking place during quenching of the sample for freeze-fracture 

Samples containing 20 mol °o cholesterol and 33 weight °o protein showed a 
quahtatlvely different behavior below the transition temperature (Tt) of &mynstoyl 
phosphatldylchohne The fracture faces showed large areas completely free of 

Ftg 5 Freeze-fracture mlcrographs of vesicles made from 90 tool oo &myr~stoyl phosphattdyl- 
chohne and 10 °o tool cholesterol with la-c) 33 weight ° o and (d) 10 weight Oo protein Samples were 
quenched from (a) 15 C, (b) 195 C,(c) 31 Cand(d)25 C 

Fag 6 Freeze-fracture mlcrographs ol w.slcles made lrom 80 tool ~°o &myrlstoyl phosphatldyl- 
chohne and 20 tool °o cholesterol w~th 33 v, etght° o protem Samples were quenched from (a) 13 C, 
(b) 165 Cand (c)2"~ 5 C 
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Figs 5 and 6 See opposite page for legends 
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particles in a number  of  cases (top of Fig 6a), but most vesicles were covered with a 
network of protein molecules The particles formed hnear arrays of 50-200 nm in 
length, and these lines joined at angles, rather than round bends Each line was only 
one particle wide and sets of  hnes partially or totally enclosed patches that were 
smooth and contained no particles The s~ze of the patches decreased reversibly as 
the temperature was raised towards 23 :'C, thereby indicating a rather high lateral 
moblhty at these temperatures below the t ransmon of dlmyrlsto)[ phosphatldyl- 
chohne, much higher than is found for cholesterol-free samples (Fig 6b) Samples 
quenched from above 23 C showed a small amount  of  order (Fig 6c), which could 
be due to insufficient quenching speeds, hke the pattern observed m unsaturated 
fatty acid auxotrophs of Escherwhla eoh when the cells were quenched without fixing 
from a temperature above the onset of lateral phase separation [8] The increase in 
size of the particle-free patches below 23 ~C indicates an increasing amount  of  long 
range order This order appears to be qmte different, however, from the one observed 
for 10 tool ~,, cholesterol preparations, as the domains are much smaller and have no 
apparent hnear structure in them 

Experiments on mixtures of 80 mol ° o dlmyrlstoyl phosphatldylchohne and 
20 tool ° o cholesterol with 10 weight ° o protein gave very lnhomogeneous vesicle 
populations Some vesicles and hposomes had no protein at all, others behaved like 
preparations w~th 33 weight o protein or 10 mol ° o cholesterol The lnhomogenelt? 
may have been due to incomplete solubfllZatlon by cholate 

DISCUSSION 

Binary systems of phosphatldylchohnes have been successfully described by 
phase diagrams, derived from spin label data [2, 24] and verified by freeze-fracture 
observations [22, 23] Shlmshlck and McConnell [37] derived a phase diagram for 
mixtures of dlmyrlstoyl phosphatldylcholme with cholesterol from measurements of  
the TEMPO spectral parameter From that phase diagram it could be concluded that, 
from 0 to 20 mol °o cholesterol, two solid phases coexist below 23 C (T~, the temper- 
ature corresponding to a point on the "sol idus") ,  the transition temperature of  
dlmynstoyl phosphatldylchohne For larger cholesterol concentrations a solid solu- 
tion would form which bad increasingly higher melting points (7",) At temperatures 
above T S, but below Tf (on the "fluldus") solid and fluid domains should coexist 

Freeze-fracture studies on mixtures w~th or without protein gave no indications 
for the presence of extended domains of different fluidity above T, They did, however, 
suggest a change in the properties of the system at 20 tool o cholesterol Another 
Indication for a change at this composition was provided by the solubility behavior of  
lipid/cholesterol mixtures in cholate solution Mixtures with more than 20 tool °o 
cholesterol did not give a clear solution and therefore could not be used in protein 
reconstltUtlOn experiments Other protein-detergent combinations may provide addi- 
tional insight [38] Other ewdence relating to this system, especially to the 2 1 and 
I 1 complexes, has already been mentioned 

At present it seems almost impossible to account for all the available data in 
one phase diagram Comparison between the behavior of protein molecules and 
cholesterol molecules may prove helpful and hypothetical phase diagrams (Fig 7) 
will aid the dl~cusslon even though proof  for them i~ far from complete At cholesterol 
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Fig 7 Hypothetical phase dmgrams for (a) hpld/cholesterol and (b) hpld/proteln mixtures The 
"'flmdus" and the "sohdus" would be derwed from spin label data, they do not correspond to the 
thermodynamic eqmvalent Tt ~s the trans~tton temperature of the pure lipid (&myristoyl phos- 
phatidylchollne), TL Is the temperature or temperature reglon at which the combined liplds form a 
protein-free sohd and TE is the eutectic temperature In the fluid+cluster phase hpld molecules 
around protein molecules or hpd-cholesterol complexes are rigidlfied This phase, which is essentially 
fired, is m equdlbnum with sohd pure lipid m region I, or with solid complex in region II In (c) a 
possible structure of alternating bands of pure hptd and the eutectic is shown to explain the banded 
pattern observed m mixtures of 90 mol % dimyrlstoyl phosphatidylchohne and 10 tool % cholesterol 
The left half of (d) shows the ngidlfymg effect of protein molecules, the right half that of lipid- 
cholesterol complexes on near hpld molecules in the fluid+cluster phase 

concentrations higher than 50 mol % a separate phase of crystalhne cholesterol 
exists, thus the diagram valid for the bdayer phase terrmnates at that composmon 
Likewise, a mlmmal amount of hpld must be associated with the protein m order to 
form bilayers The estimate of 20 weight % lipid seems reasonable in view of the 
numbers obtained by Jost et al [39] and Warren et al [11] 

In measurements of the TEMPO spectral parameter the transition is broadened 
when cholesterol [37] or protein (Fig 1) are included with the pure phosphatldyl- 
choline The lower end of the transition hardly changes, but the upper end is shifted to 
increasingly higher temperatures As of yet not many temperature points between the 
lower and the upper end of a phosphatldylchohne-protem system have been investiga- 
ted, but the available data indicate that no separation into large domams of different 
composition and fluidity occurs Thus an mcreasmg immobilization of the lipid 
molecules around a protein molecule, extending farther into the lipid phase as the 
lipid transition temperature IS approached, may account for the decrease m TEMPO 
solubdlty In the Appendix a model for this sohdlfiCatlon process is discussed, 
showing how a "break" m df/dTmay occur and account for the Tf values In the case 
of  cholesterol a cluster of 1 1 complexes may take the place of  a protein molecule 
(Fig 7d) In neither case would large domains of different appearance show up in 
micrographs 

As the temperature is decreased further to below the transition temperature of 
the lipid (T L m Fig 7b), solid lipid forms which excludes the protein from the lipid 
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crystal Eventually the eutectlc line (TE) IS passed and a eutectic of  protein-lipid 
complex and extra hpld sohdlfies All systems investigated here have protein contents 
of  less than the eutectlc composition The above statements are In accord with the 
freeze-fracture data In lipid/cholesterol nuxtures without protein no extended 
domains are seen [25], but if the phase diagram treatment is apphcable to systems 
containing cholesterol, domains of  different composition and fluidity must be present 
at certain temperatures Data from differential scanning calorimetry and X-ray 
measurements indicate some sort of transition up to 33 mol o~ or maybe h~gher at the 
transition temperature of the phosphatldylchohne or a little below, supporting the 
eutectlc line in Fig 7a A possibility for compositional heterogeneity is indicated in 
Fig 7c, in which strips of  pure pbosphatldylchohne are shown to alternate wIth 
strips of eutectlc The phosphatldylchohne is responsible for the ridges, and as the 
amount  of  pure phosphatldylchohne phase decreases between 0 and 20 mol ° o choles- 
terol, the ridges disappear over this composition range [25] The temperature interval 
between T t and T E is probably very small At cholesterol concentrations above 20 
mol ° o a complex of cholesterol and phosphatldylchohne first sohd~fies As the whole 
system is very rich in cholesterol, TEMPO solubility is generally low (see Shlmshlck 
and McConnell [37]) and the lower temperature "break"  detected is for the freezing 
out of  the complex 

As protein IS incorporated Into phosphatldylchohne/cholesterol mixtures, the 
lipid behaves as one component  with the transition at T L, approximately 23 ~C TE is 
approximately 16 ~C In the case of  l0 tool Oo cholesterol the phosphatldylchohne 
Induces a long-range llneanty, leading to large domain sizes and the banded pattern 
in the solid hpxd phase The eutectlc, at 20 mol °o cholesterol, has domains growing 
from a center, with linear borders but without the long-range hnearlty The arrays of 
protein particles occupy the boundaries between domains of solid phosphatldyl- 
choline-cholesterol eutectlc The amount  of hpld associated with the protein changes 
reversibly between 16 and 23 °C, as Indicated by the phase diagram (Fig 7b) There- 
fore the domains of  solid lipid change size between these two temperatures also 

A I 1 complex of phosphatldylchollne with cholesterol has been employed, as 
cooperatlvlty effects may account for the phenomena at 33 mol o cholesterol [34] 
There is no doubt that some of the above speculations will be proven wrong, but the 
picture outlined here may stimulate new experiments and other ideas A relatively 
large amount  of data on the interaction between hplds and protein molecules or 
cholesterol has been included in a unified picture 

APPENDIX 

Phase separattons and the temperature dependence of spm label ~pectra 
In the present paper specific examples, as well as references to earlier work, 

were cited, in which the temperature dependence of spin label (TEMPO) binding to 
lipid bllayer membranes,  as well as to biological membranes,  could be used to deter- 
mine the temperatures corresponding to the onset (T 0 and completion (T~) of lateral 
phase separations within the plane of these membranes For several cases these 
separations have been verified by freeze-fracture electron microscopy However, 
other examples were gIven in the present paper, where a strong temperature depen- 
dence of TEMPO binding was not correlated with lateral phase separations observable 
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in freeze-fracture preparations, as mentioned in the Discussion The purpose of this 
Appendix is to present a simple semlquantltatwe calculation that illustrates how 
certain interactions between membrane components can give rise to a strong tempera- 
ture dependence of  TEMPO binding, without the necessity of  concomitant lateral 
phase separation 

The essential physical idea is that, when a relatively rigid membrane compo- 
nent, such as cholesterol or a membrane protein, is inserted into a fluid phosphohpld 
bdayer, it perturbs the phosphohpld molecules m the immediate environment These 
perturbed molecules in turn perturb their neighbors, and so on, thus producing a 
"halo"  around the relatively rigid membrane component  (Fig 7d) Although this 
effect has been suggested by several authors [39, 40], it has apparently not been fully 
appreciated that the size of  this halo may be quite large and highly temperature 
dependent For  brevity, a very simple hnear geometry is used in the following calcula- 
tmn Calculations more appropriate for membrane components will be given in 
subsequent work 

Consider a bllayer membrane with a linear rigid barrier such that for x />  0 the 
membrane is composed of a single phosphohpld species, e g dlmynstoyl phos- 
phatldylchollne, and for all x < 0 the membrane is rigid, 1 e. occupied by tightly 
packed protein molecules or hplds strongly immobilized by interaction with mem- 
brane proteins For x i> 0, the strain energy of the hpld bllayer, per unit length, is 
approximated by the expression [41] 

½k(n--n) 2 +~7 /dn~Z 

Here k and q are (unknown) elastic constants of  the bllayer, and n is a "structure 
parameter"  For convenience n may be thought of  as the average number of  gauche 
bonds per hpld molecule, but other definitions may be possible or even preferable, as 
discussed later The term ½k(n--~) 2 gives the elastic energy per unlt length required 
to produce a uniform distortion in the bllayer, and r / ( dn /dx )  2 IS the elastic energy 
per unit length required to produce a non-uniform distortion This second term 
corresponds to the tendency of neighboring molecules to be in the same physical 
state The quantity ~ is the average number of  gauche bonds per molecule in the 
absence of  the boundary at x = 0 

The free energy of the system 

F :  f ; [ ½k(n-~)2~-rl [dn~2q _J 

is a minimum when n has the following dependence on x 

n = ~(1--exp (--x/2))  

where the correlation length ), is 

2 = x/2~/k 
It  is assumed that the hplds at the boundary, x = O, are totally lmmobdlzed, so that 
, , ( o )  = o 
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Se t t ing  n n t at  the  phase  t rans~tmn t e m p e r a t u r e  o f  the pure  hpJd, TI, and  

a s s u m i n g  a h n e a r  d e p e n d e n c e  o f  n on T a b o v e  T,, 

i i  - n , + - f ( T  T,) 

,s obtained 
Since  T E M P O  b ind ing  d rops  p rec lp t tous ly  when  T < Tt, J e when  fi < n t, It Is 

p laus ib le  to  a s sume  tha t  all hp lds  are  essen tml ly  f r o z e n  at  po in t s  x where  n(.x) ~ n~, 

a n d  are  f luid at  p o i n t s  x where  n(x ) > n l Thus ,  the size o f  the  r ,g ,d  ha lo  ,s ~x ~, w h m h  is 

the s o l u t i o n  to the  e q u a t i o n  

n t fi(I exp ( v,/2))  

with a temperature dependence 

).In ( 1 1 rS) x~ 

where  ~, - u/n t 
In  o r d e r  to m a k e  a c rude  c o m p a r , s o n  o f  this resul t  wi th  T E M P O  b ind ing  data ,  

o n e  c a n  imag ine  tha t  there  are  r lg ,d  b o u n d a r i e s  o f  a l ip id  b l layer  at  b o t h  x - -  0 and  x 

2X  Thus ,  w h e n  n ( a )  decreases  wi th  dec reas ing  t e m p e r a t u r e  to the p o i n t  where  

n ( X )  ~< nt, one  m a y  say tha t  all the  l lplds are  f rozen  A t  h, gher  t e m p e r a t u r e s ,  the  

f r ac t , on  o f  l lplds m the f l w d  state ,  f '  ~s 

J '  = I - - ~ - t  : l - - )  In 11 I ) 
X ~" ~'(T T,) 

Fig 8 gtves some ll lustratwe plots of / ' '  versus (T 7",) for various values of the 
two parameters, ~, and / / X  These plots bear striking similarity to the observed 
b i n d i n g  o f  T E M P O  to  bf layer  m e m b r a n e s  c o n t a i n i n g  cho le s t e ro l  [37] o r  the  A T P a s e ,  

r e p o r t e d  here  T w o  pa r t i cu l a r  fea tures  are  to  be n o t e d  R e l a t w e  to  T E M P O  b i n d i n g  to  

the  pure  l ipid fo r  T >~ T t there  can  be a s t r o n g  p e r t u r b a n o n  o f  T E M P O  b ind ing  for  

, O 7 5 I /  /03/J~-j 

0 2 4 6 8 10 
T-T, 

] .Y3 f 

0 5 1  `// 

I ~ ~ ~ ~ _ ~  
I c 3 

f' o~o~ / 
'3 001 

I 
0 2 5 ~ /  

oooL_~__ x/×.o, b 
0 2 4 6 8 10 

r - ~  

F,g 8 Calculated plots of the fracnon, ! ', of the hpld m the fired state The curves were obtained b~ 
calculatmgf'  for values of ( T - T t )  from 0 to 10 C, m steps of 0 02 C Plots on the teletype were then 
traced In (a) the parameter v - 0 I is held constant while 2/X Is varied, in (b) v is varmd and ) I X  - 

0 1 Js held constant Increasing values of 2/X can be looked at as a decrease m X, e g when the amount 
of protein is increased Thin leads (m a) to a broadening of the transition and a shift to higher tempera- 
ture Decreasing values of v(/t) mean that, starting at nt, a larger positive temperature ~.hange has to 
take place to reach a given value of g, leading (In b ) to a broadening of the transition 
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T > T t even though the low temperature break occurs at T - -  T t In other cases, the 
entire binding curve is &splaced to h~gher temperatures The behawor clearly depends 
on whether or not the two "halos" overlap one another strongly 

The above calculatmn demonstrates how a strong temperature dependence of 
TEMPO bmdlng might arzse through the ordering of hpld molecules around relatively 
r~g~d membrane components However, th~s calculation must be regarded as only 
schematic No proof has been given that our expression for the free energy density is 
adequate, and, most ~mportant, the proper choice of the "structure parameter" n is 
particularly critical Setting the structure parameter equal to the thickness of the 
hpld bdayer may well be a preferred definition In the case of a protein that spans the 
bflayer, such as glycophorin, the hpld-protem boundary condition would correspond 
to matching the bdayer thickness to the protein so that the hydrophoblc regions 
overlap In th~s case, it is clear that a protein such as glycophorm might tend to 
increase or decrease the "fluidity" of the fluid bllayer state depending on whether the 
length of the hydrophoblc stem of glycophorm was shorter or longer than the normal 
thickness of the hydrophoblc interior of the bflayer Thus, the above theoretical 
calculatzons are uncertain, but can be refined and tested experimentally 

NOTE ADDED IN PROOF (Received November 18th, 1975) 

Drs S Mabrey and J M Sturtevant have kindly informed us that using a 
harshly sensitive scanning calorimeter they have been able to resolve the heat absorp- 
tion in binary mixtures of  dlmyrlstoyl phosphatIdylchohne and cholesterol into two 
components, one sharp and one broad The sharp component disappears at cholester- 
ol concentrations above 20 ~ Thus this concentration of cholesterol is now mamfest 
m data obtained using spin labels, freeze-fracture electron microscopy and scanning 
calorimetry 
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