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c o u p l ed t o an i n n er l eaf w h i c h c an n o t . W e fi n d t h at w h en t h e c o u p l i n g i s w eak , t h e bi l ay er c an ex i s t i n o n l y t w o p h as es , o n e i n w h i c h
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ef f ec t o n t h e i n n er l eaf c o m p o s i t i o n d u e t o s m al l c h an g es i n t h o s e o f t h e o u t er l eaf . F o r s u f fi c i en t l y l arg e c o u p l i n g , a p h as e t ran s i t i o n

o c c u rs an d t h e bi l ay er ex h i bi t s f o u r p h as es as i n t h e fi rs t c as e c o n s i d ered . O u r res u l t s are i n ac c o rd w i t h s ev eral o bs erv at i o n s m ad e

rec en t l y .

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

There has been great interest in the idea that the lipids in the

plasm a m em brane are no t u nif o rm ly distribu ted, bu t rather

that satu rated lipids, su c h as sphingo m y elin, aggregate w ith

c ho lestero l in ‘ ‘ raf ts’ ’ that fl o at in a sea o f u nsatu rated lipids.

I t w as fi rst tho u ght that su c h raf ts serv ed as platf o rm s f o r

signaling pro teins ( 1 ) ; later they w ere im plic ated in a ho st o f

o ther pro c esses. The hy po thesis rem ains c o ntro v ersial, as

disc u ssed in rec ent rev iew s ( 2 – 6 ) . O ne pu z z ling f eatu re

w hic h m u st be u ndersto o d is that artifi c ial m em branes w ho se

c o m po sitio n m im ic s that o f the o u ter leaf o f the plasm a

m em brane, ric h in sphingo m y elin, pho sphatidy lc ho lines, and

c ho lestero l, readily sho w phase- separatio n into satu rated-

lipid- ric h and satu rated- lipid- po o r do m ains ( 7 – 1 1 ) . H o w ev er,

tho se w ho se c o m po sitio n m im ic s that o f the inner leaf o f the

plasm a m em brane, w here m o st o f the pho sphatidy lethano l-

am ine and pho sphatidy lserine is f o u nd in additio n to c ho les-

tero l, do no t ex hibit su c h phase separatio n ( 1 2 , 1 3 ) . The tw o

leav es o f the plasm a m em brane are alm o st c ertainly c o u pled

in so m e w ay , either by the interdigitatio n o f hy dro c arbo n tails

o r the rapid ex c hange o f c ho lestero l ( 1 4 – 1 6 ) . A s a c o nse-

q u enc e, it has been hy po thesiz ed that do m ain f o rm atio n in o ne

leaf indu c es do m ain f o rm atio n in the o ther ( 1 3 , 1 7 , 1 8 ) . I n f ac t,

it is relativ ely easy to sho w that in su c h a c o u pled sy stem , the

o nset o f m o re o rdered do m ains in o ne leaf m u st indu c e m o re

o rdered do m ains in the o ther ( 1 9 ) . H o w ev er, the degree o f the

inc rease in o rder in the tw o leav es depends o n their c o m -

po sitio n, and need no t be the sam e at all. C learly v isible

do m ains hav e been indu c ed in o ne leaf o f an asy m m etric

bilay er by the presenc e o f su c h do m ains in the o ther ( 1 3 , 2 0 ) .

B u t w hen the c o m po sitio n o f o ne leaf is signifi c antly altered, a

bilay er c an be o bserv ed to hav e v isible do m ains in o ne leaf ,

bu t no t the o ther ( 1 2 , 2 0 ) . C learly v isible do m ains in bo th

leav es c an be bro u ght abo u t by c hanging either the c o m po -

nents o f the less- o rdered leaf ( 1 3 ) o r the relativ e c o m po sitio n

o f the sam e c o m po nents o f that leaf ( 2 0 ) . E v en w hen the

do m ains are c learly v isible in o nly o ne leaf , ho w ev er, the

c o nc entratio n o f o rdered lipids in the o ther leaf is predic ted

( 1 9 ) to be enhanc ed o v er w hat it w o u ld hav e been in the

absenc e o f c o u pling.

To c larif y the natu re o f the phases o f the bilay er, w e hav e

so lv ed a sim ple pheno m eno lo gic al m o del o f c o u pled leav es,

o ne w hic h is sim pler than that c o nsidered earlier ( 1 9 ) . W hen

the c o u pling is w eak , the m o del c an be so lv ed analy tic ally ;

w hen the c o u pling is stro nger, the m o del is so lv ed nu m er-

ic ally . W e f o c u s partic u larly o n the situ atio n in w hic h o ne

leaf , labeled the o u ter leaf , c an u ndergo liq u id- liq u id phase

separatio n w hen it is u nc o u pled f ro m the o ther, inner, leaf .

Tw o c ases are c o nsidered.

I n the fi rst c ase, the inner leaf is su c h that it, to o , c an

u ndergo phase separatio n ev en w hen u nc o u pled f ro m the

o ther leaf . W e fi nd that the bilay er c an ex ist in f o u r dif f erent

phases. Tw o o f them are c harac teriz ed by an o u ter leaf ric h in

o rdering lipids; in o ne it is paired w ith an inner leaf also ric h

in o rdering lipids, w hile in the o ther it is paired w ith an inner

leaf w hic h is po o r in them . I n the o ther tw o phases, the o u ter

leaf is po o r in o rdering lipids and is either paired w ith an

inner leaf w hic h is also po o r in them , o r is ric h in them .

I n the sec o nd c ase, the inner leaf do es no t, at the tem peratu re

o f interest, u ndergo phase separatio n w hen u nc o u pled f ro m the

o u ter leaf . W e fi nd that f o r w eak c o u pling, the bilay er ex ists in

o nly o ne o f tw o phases. I n o ne, the o u ter leaf is ric h in o rdering

lipids w hile the inner leaf is so m ew hat ric her in them than w hen

it w as u nc o u pled f ro m the o u ter leaf . I n the o ther phase, the

o u ter leaf is po o r in o rdering lipids w hile the inner leaf is

so m ew hat po o rer in them than w hen u nc o u pled. A s the
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coupling increases, we find that small changes in the compo-

sition in the outer leaf can hav e large ef f ects on the composi-

tion of the inner leaf . A t suf ficiently large coupling, a phase

transition occurs and the b ilay er now can exist in f our phases,

j ust as in the first case considered. A gain, an outer leaf rich in

ordering lipids can b e paired with an inner leaf which is either

richer or poorer in them, and similarly f or an outer leaf poor in

ordering lipids. T he f act that separation in one leaf can induce

separation in another which, b y itself , would not separate, has

b een ob serv ed in experiment (20 ).

I n the process of ob taining these results, we also make

some general remarks b y way of deriv ing the G ib b s P hase

R ule f or the b ilay er sy stem of coupled leav es.

THERMODYNAMICS OF THE BILAYER SYSTEM

A b ilay er is v ery much like the elementary sy stem describ ed

in texts on thermody namics, such as the excellent b ook of

C allen (21), in which a wall, adiab atic and impermeab le to

matter, separates two closed sy stems. O ne asks ab out the

eq uilib rium state of the sy stem as the properties of the wall

are changed; e. g. , as the adiab atic coating is remov ed f rom

the wall, so that energy can fl ow b etween the two sy stems, or

as the wall is made permeab le to some components, so that

matter can fl ow b etween them, etc. I n the b ilay er, the two

sy stems are the inner and outer leav es, and energy certainly

fl ows b etween them, b ut f ew of the lipid components do, at

least ov er timescales relev ant to experiment. I n contrast,

cholesterol is one component that is exchanged f reely

b etween the two leav es (14 –16 ). T hus the b ilay er is like two

sy stems separated b y a memb rane permeab le to only some of

the molecular species. L et the numb er of molecules of

component k which are confined to the inner leaf b e denoted

b y Ni,k, k ¼ 1; 2; . . . Ci; the numb er of molecules of com-

ponent l which are confined to the outer leaf b y No,l,

l ¼ 1; 2; . . . Co; and the numb er of molecules of componentm

which can b e exchanged f reely b etween leav es as Nx,m,

m ¼ 1; 2; . . . Cx: N ote that a particular molecular species, say

palmitoy l-oleoy l-phosphatidy lcholine, can b e present in b oth

leav es and not undergo significant interchange b etween them.

I n this case, this one species would contrib ute b oth to the

numb er of components Ci confined to the inner leaf and to the
numb er Co confined to the outer leaf .

T he internal energy of the sy stem, U(S, Ni,k, No,l, Nx,m, A)

can b e written

U ¼ TS1 +
k

mi;kNi;k 1 +
l

mo;lNo;l 1 +
m

mx;mNx;m 1 gA; (1)

where it has b een assumed that b oth leav es are fl at and of area

A. T he entropy is denoted S, the temperature T, and the surf ace

tension g . T he chemical potentials of the kth component

confined to the inner leaf , of the lth component confined to the

outer leaf , and of the mth component which can exchange

b etween leav es, are denoted mi,k, mo,l, and mx,m, respectiv ely .

T he dif f erential of the internal energy is

dU¼ TdS1+
k

mi;kdNi;k1+
l

mo;ldNo;l1+
m

mx;mdNx;m1gdA:

(2)

D if f erentiating E q . 1 and comparing with the ab ov e dif f er-

ential, we ob tain the G ib b s-D uhem eq uation

dg ¼ �sdT �+
k

ni;kdmi;k �+
l

no;ldmo;l �+
m

nx;mdmx;m; (3 )

where s[ S/A, ni, k [ Ni, k/A, etc. F or conv enience, we note

that the H elmholtz f ree energy per unit area, f [ (U – TS)/A,

f ollows f rom E q . 1,

f ¼ +
k

mi;kni;k 1 +
l

mo;lno;l 1 +
m

mx;mnx;m 1 g: (4 )

I ts dif f erential, simplified with the use of the G ib b s-

D uhem eq uation, E q . 3 , is

df ¼ �sdT1 +
k

mi;kdni;k 1 +
l

mo;ldno;l 1 +
m

mx;mdnx;m: (5 )

W e want to consider the coexistence b etween phases at

which the Ci components can interchange f reely within the

inner leaf b etween phases, the Co components can interchange

f reely in the outer leaf b etween phases, the Cx components can

exchange f reely within and across leav es b etween phases, and

heat can b e exchanged. T o do so, it is natural to make a

L egendre transf orm to the thermody namic potential g(T,mi,k,

mo,l, mx,m),

g ¼ u� Ts�+
k

mi;kni;k �+
l

mo;lno;l �+
m

mx;mnx;m; (6 )

where u [ U/A . T his thermody namic potential is simply the

surf ace tension, whose dif f erential is giv en ab ov e (E q . 3 ).

I t is now straightf orward to deriv e the G ib b s P hase R ule f or

the b ilay er. S uppose that there are P phases in coexistence.

T he chemical potentials of all components, those confined to

either leaf as well as those which are exchanged b etween

leav es, must b e the same in all phases. T hese conditions

prov ide ð Ci1Co1CxÞð P � 1Þ eq uations. F urthermore, phase

coexistence comes ab out when the thermody namic potential,

g, the surf ace tension, takes the same v alue in each phase.

T his prov ides another ð P � 1Þ eq uation, so that there are, in

all, ð Ci1Co1Cx11Þð P � 1Þ eq uations of coexistence. T he

unknowns are the v alues of the areal densities, n, of all com-

ponents in each phase, and the temperature of the sy stem at

coexistence. T hus, there are Pð Ci1Co1CxÞ11 unknowns.

T hat the numb er of unknowns must b e greater than, or eq ual

to, the numb er of eq uations y ields the phase rule

P# Ci 1 Co 1 Cx 1 2: (7 )

T his ineq uality is applicab le in those cases in which the v alue

of the surf ace tension in the coexisting phases is unknown.

T his occurs, f or example, if the area of the sy stem is fixed, as

is of ten the case in supported b ilay ers.

I f the surf ace tension of the sy stem is specified, howev er,

either b ecause the area of the sy stem is f ree to adj ust itself

to minimiz e the f ree energy so that the tension v anishes, or

870 P u t z e l a n d S c h i c k
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because the tension is externally controlled, then this provides

one additional eq uation so that in this case

P# Ci 1 Co 1 Cx 1 1 surface tension specified: ( 8 )

I n a ternary system in w hich one com ponent is cholesterol,

w hich is f ree to exchang e betw een leaves, and the other tw o

are lipids confi ned to the leaves, Ci ¼ Co ¼ 2; Cx ¼ 1; and

there can exist up to six independent phases in a bilayer

w hose area is f ree to vary so that its surf ace tension vanishes.

I n the sim ple m odel w e w ill em ploy below , the com -

positional state of each leaf is characteriz ed by a sing le num -

ber, an order param eter representing the dif f erence betw een

‘ ‘ ordered’ ’ com ponents lik e saturated lipids and cholesterol,

and ‘ ‘ disordered’ ’ com ponents, lik e the unsaturated lipids.

T hus, in our m odel, Ci ¼ Co ¼ 1; Cx ¼ 0; so that P# 4 if the

surf ace tension is not specifi ed, as it w as not in A llender and

S chick ( 19 ) , andP# 3 if it is. I n the latter case, a triple point is

constrained to occur at a sing le tem perature only. T his

illustrates one reason f or a m em brane to evolve to have m ul-

tiple lipid com ponents; it is not that the additional com ponents

perm it the m em brane to exist in additional phases. A f ter all,

m em branes are k now n to display only a handf ul of distinct

therm odynam ic phases. R ather the presence of additional

distinct com ponents g ives the m em brane m any additional

deg rees of f reedom w hich can be m anipulated to bring itself

into one of the f ew usef ul phases.

The model

T he description of the system can be sim plifi ed by charac-

teriz ing each leaf by a sing le order param eter only. T o see

w hat this approxim ation entails, w e consider a particular

system , one in w hich each leaf contains a saturated ( s ) and an

unsaturated ( u ) lipid w hich are not f ree to exchang e betw een

leaves, and cholesterol ( c ) w hich is f ree to exchang e. I n this

case there are fi ve independent areal densities: ni,1[ ni,s, ni,2[

ni,u, no,1 [ no,s, no,2 [ no,u, and nx,1 [ nx,c. I t is convenient

to introduce fi ve independent linear com binations of these

densities

n1[ ni;s � ni;u;

n2[ no;s � no;u;

n3[ nx;c 1 ni;s 1 ni;u 1 no;s 1 no;u;

n4[ ni;s 1 ni;u � no;s � no;u;

n5[ nx;c �
1

4
ðni;s 1 ni;u 1 no;s 1 no;uÞ:

T he physical m eaning of these com binations is clear. T he

fi rst is the dif f erences in areal densities of the saturated and

unsaturated lipids in the inner leaf and the second is the

analog ous q uantity in the outer leaf . T he third com bination is

sim ply the total areal density of all com ponents, the f ourth

m easures the dif f erence betw een the total lipid content in the

tw o leaves, and the last m easures the dif f erence betw een the

cholesterol density and the averag e of the lipid densities. I n

term s of these variables, the H elm holtz f ree energ y per unit

area, E q . 4, is

f ¼ +
5

j¼1

mjnj 1 g; ( 9 )

df ¼ �sdT1 +
5

j¼1

mjdnj: ( 10)

W e now m ak e the observation that the total areal density

of lipid bilayers, n3, does not vary m uch, so that w e do not

lose crucial inf orm ation about the phase behavior of the

system by ig noring this variable. E q uivalently this approx-

im ation can be view ed as restricting the system to a particular

constant value of the total areal density. S im ilarly w e assum e

that the areal dif f erences described by n3 and n4 are not so

im portant in describing the phase behavior, and can be fi xed

at particular values; that is, w e assum e that an adeq uate

description of the system can be obtained by f ocusing only

on the dif f erences betw een the areal densities of the saturated

and unsaturated lipids in the tw o leaves. T hus w e approx-

im ate the description of the system of fi ve areal densities by a

tw o- dim ensional cut in the fi ve- dim ensional space; i. e. , w e

reduce the description to one entailing only tw o independent

densities. W e defi ne order param eters x and y to be linearly

related to n1 and n2, respectively. T he excess H elm holtz f ree

energ y per unit area now reduces to a f unction of three

variables only,

f ðT; x; yÞ ¼ mix1moy1 g; ( 11)

df ¼ �sdT1midx1mody; ( 12)

w here mi and mo are the fi elds conjug ate to x and y, respec-

tively. T he G ibbs- D uhem eq uation, E q . 3, reduces to

dg ¼ �sdT � xdmi � ydmo:

F rom the G ibbs- D uhem eq uation, one easily derives a

usef ul C lausius- C lapeyron eq uation f or the slope of the

boundary betw een coexisting phases as f ollow s. B ecause the

surf ace tension g is eq ual in coexisting phases, the dif f erence

betw een surf ace tensions in coexisting phases is alw ays z ero

and does not chang e as one m oves along a phase boundary.

H ence

ðsa � sbÞdT1 ðxa � xbÞdmi 1 ðya � ybÞdmo ¼ 0; ( 14)

w here the subscripts a and b denote the tw o coexisting

phases. I n particular, at constant tem perature, the above

g ives a C lausius- C lapeyron eq uation

dmi ¼ �
ya � yb

xa � xb
dmo; ( 15)

w hich has the conseq uence that the tie line connecting

coexisting phases in the x,y ( or com position) plane has a slope

w hich is perpendicular to that of the phase boundary at the

corresponding point in the mi,mo ( chem ical potential) plane.
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To make further progress, we now consider a particular

form of the H elmholtz free energy per unit area of the

b ilay er, f(T, x, y), a L andau ex pansion of it, which is

f ðT; x; yÞ ¼ ciðTÞx
2
1 x

4
1 coðTÞy

2
1 y

4
� axy: (16 )

There are sev eral things to note. F irst, we hav e ignored linear

terms in x and y as they only contrib ute to a shift in the

conj ugate fi elds mi and mo. This also shifts the z eros of the

order parameters x and y from those of the areal densities n1
and n2 towhich they are linearly related. S econd, the q uadratic

part of this form is the same as that of E q . 8 of A llender and

S chick (19 ) ex cept that we hav e taken the freedom of nor-

maliz ing the order parameters to set the coeffi cients of the

fourth- order terms to unity . This sets the constants of pro-

portionality b etween the order parameters x and y and the areal

densities n1 and n2. The v ariab les which describ e the specifi c

mechanism coupling the leav es, whether b y interdigitation of

lipid tails or the interchange of cholesterol, hav e b een in-

tegrated out, producing the last term in the free energy ,�axy,

which couples the two leav es. I t is assumed that a is positiv e

so that ordering in one leaf promotes ordering in the other, and

similarly ab sence of order in one promotes ab sence of order in

the other. Third, this term is assumed to b e the only one which

couples the two leav es. This is in contrast to A llender and

S chick (19 ). There the q uadratic part of the free energy was

diagonaliz ed b y transforming to the linear comb inations s[

y cos u 1 x sin u, t ¼ �y sin u 1 x cos u and a q uartic free

energy containing only s4 and t4 terms was considered.

E x pressed in the original order parameters, such terms contain

the q uartic couplings x3y, x2y2, and xy3. W hen the coupling is

weak and the order parameters are small, as assumed in a

L andau ex pansion, these terms are certainly smaller than the

q uadratic coupling. F inally we stress that the v alues of b oth

order parameters, x and y, must b e giv en to specify a particular

phase of the b ilay er sy stem.

A t the coex istence of two phases, one has the condition of

the eq uality in b oth phases of the chemical potential in the

inner leaf, mi[ @f(T, x, y)/ @x, of the chemical potential in the

outer leaf, mo[ @f(T, x, y)/ @y, and of the surface tension g(T,
x, y) [ f – mix – moy:

miðT; x1; y1Þ ¼ miðT; x2; y2Þ; (17 )

moðT; x1; y1Þ ¼ moðT; x2; y2Þ; (18)

gðT; x1; y1Þ ¼ gðT; x2; y2Þ: (19 )

W ith the free energy of E q . 16 , these functions are

miðT; x; yÞ ¼ 2ciðTÞx1 4x
3
� ay; (20 )

moðT; x; yÞ ¼ 2coðTÞy1 4y
3
� ax; (21)

gðT; x; yÞ ¼ �ciðTÞx
2
� coðTÞy

2
� 3x

4
� 3y

4
1axy: (22)

W e shall consider separately two cases of interest, and b oth

in the regimes of weak and of strong coupling. I n the fi rst, the

temperature is such that each uncoupled leaf could, b y itself,

undergo a phase separation. This is the case in some of the

ex periments of C ollins and K eller (20 ). I n the second, we

shall consider the case of possib le b iological interest, when

the temperature is such that one uncoupled leaf, the outer

one, could undergo a phase separation, b ut the other could

not.

Leaves which can each phase separate

when u nco u pl ed

The assumption that each leaf, when uncoupled from the

other, can undergo phase- separation implies that the tem-

perature is such that ci(T) , 0 and co(T) , 0 . I t is useful to

ob tain fi rst the solutions of the eq uations of coex istence

when the leav es are uncoupled (i.e., a ¼ 0 ). These solutions

are immediate. The coex isting v alues of x and y are

x ¼ 6X̂; X̂ðTÞ[ ðj ciðTÞj =2Þ
1=2
; (23)

y ¼ 6Ŷ; ŶðTÞ[ ðj coðTÞj =2Þ
1=2
: (24)

B oth chemical potentials v anish and the surface tension takes

the v alue �ðX̂4
1Ŷ4Þ:

There are four possib le phases which can coex ist. E ach

phase is characteriz ed b y the v alues taken b y the order param-

eters in each leaf:

1. ðx1 ¼ X̂; y1 ¼ ŶÞ; which we denote (R,R9), the R for

‘ ‘ rich’ ’ in ordering lipids;

2. ðx2 ¼ �X̂; y2 ¼ �ŶÞ; which we denote (P,P9), the P for

‘ ‘ poor’ ’ in ordering lipids;

3. ðx3 ¼ �X̂; y3 ¼ ŶÞ; which we denote (P,R9); and

4. ðx4 ¼ X̂; y1 ¼ �ŶÞ; which we denote (R,P9).

W e now assume that the coupling is weak, and ex pand the

order parameters x and y ab out the v alues they take when the

leav es are uncoupled, denoted X and Y, where X either takes

the v alue X̂ or �X̂; depending upon which phase is b eing

describ ed, and similarly Y either takes the v alue Ŷ or�Ŷ. W e

write

x ¼ X1 dx; (25 )

y ¼ Y1 dy; (26 )

and ex pand the chemical potentials and surface tension, E q s.

20 –22 to fi rst- order in the small q uantities a, dx, and dy,

miðT; x; yÞ � 8X
2
dx � aY; (27 )

moðT; x; yÞ � 8Y
2
dy� aX: (28)

gðT; x; yÞ � �ðY
4
1X

4
Þ � 8Y

3
dy� 8X

3
dx1aXY: (29 )

The three eq uations of coex istence, E q s. 17 –19 , are now

linear eq uations in four unknowns; the two v alues of dx in

the coex isting phases, and the two v alues of dy.

F or ex ample, let us consider coex istence b etween phase 1,

(R, R9), for which X ¼ X̂; Y ¼ Ŷ; and phase 2, (P, P9) for

which X ¼ �X̂; and Y ¼ �Ŷ: W ith the approx imate func-

tions of E q s. 27 –29 , the eq uations of coex istence b ecome
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8X̂
2
dx1 � aŶ ¼ 8X̂

2
dx2 1aŶ; (30)

8Ŷ
2
dy1 � aX̂ ¼ 8Ŷ

2
dy2 1aX̂; (31)

a n d

� ðŶ
4
1 X̂

4
Þ � 8Ŷ

3
dy1 � 8X̂

3
dx1 1aX̂Ŷ

¼ �ðŶ4
1 X̂

4Þ1 8Ŷ
3
dy2 1 8X̂

3
dx2 1aX̂Ŷ: (32)

F r om t h e s e e q u a t ion s , w e r e a d il y ob t a in t h r e e of t h e or d e r

p a r a m e t e r s in t e r m s of t h e f ou r t h ,

dx1 ¼ �
Ŷ
3

X̂
3 dy2; (33)

dx2 ¼ �
Ŷ
3

X̂
3 dy2 �

aŶ

4X̂
2; (34)

dy1 ¼ dy2 1
aX̂

4Ŷ
2; (35 )

a n d , f r om E q s . 27 –29 , t h e c h e m ic a l p ot e n t ia l s a n d s u r f a c e

t e n s ion

mo ¼ 8Ŷ
2
dy2 1aX̂; (36 )

mi ¼ �
8Ŷ

3

X̂
dy2 � aŶ; (37 )

g ¼ �ðX̂
4
1 Ŷ

4
Þ � aX̂Ŷ: (38)

O n c e e it h e r of t h e c h e m ic a l p ot e n t ia l s a n d t e m p e r a t u r e is

s p e c ifi e d a l on g t h e p h a s e b ou n d a r y , t h e c h a n g e in or d e r

p a r a m e t e r dy2 c a n b e ob t a in e d f r om t h e a b ov e a l on g w it h t h e

v a l u e s of t h e ot h e r c h a n g e s dx2, dx1, a n d dy1. B y e l im in a t in g

dy2 f r om t h e s e e q u a t ion s , w e ob t a in t h e p h a s e b ou n d a r y

moðmi; TÞ ¼ �
X̂

Ŷ
mi; (39 )

w h e r e b ot h c h e m ic a l p ot e n t ia l s w il l b e s m a l l , of or d e r a.

F r om t h e r e s u l t s of E q s . 33–35 , it is s t r a ig h t f or w a r d t o c a l -

c u l a t e t h e t ie l in e s

y2 � y1

x2 � x1
¼

�2Ŷ1 dy2 � dy1

�2X̂1 dx2 � dx1
; (40)

¼
2Ŷ1 ðaX̂=4Ŷ

2
Þ

2X̂1 ðaŶ=4X̂
2
Þ
; (41)

�
Ŷ

X̂
11

aX̂

8Ŷ

ðX̂2 � Ŷ
2Þ

X̂
2
Ŷ
2

� �

: (42)

O n e s e e s f r om t h e s l op e of t h e s e t ie l in e s a n d f r om t h e s l op e

of t h e p h a s e b ou n d a r y (E q . 39 ) t h a t t h e C l a u s iu s - C l a p e y r on

e q u a t ion (E q . 15 ) is s a t is fi e d t o l ow e s t or d e r in a. T h e r e a s on

t h a t E q . 39 is n ot c or r e c t t o fi r s t - or d e r in a is b e c a u s e b ot h

c h e m ic a l p ot e n t ia l s a r e , t h e m s e l v e s , of or d e r a s o t h a t a

c or r e c t ion is of or d e r a2, w h ic h h a s n ot b e e n in c l u d e d .

P r oc e e d in g in a s im il a r f a s h ion , w e ob t a in t h e p h a s e

b ou n d a r ie s a n d t ie l in e s b e t w e e n ot h e r p h a s e s . W e fi n d t h a t

t h e t h r e e p h a s e b ou n d a r ie s m e e t a t a t r ip l e p oin t l oc a t e d a t

ðmi; t 1;mo; t 1Þ ¼ ð�aŶ;aX̂Þ; (43)

a t w h ic h t h e s u r f a c e t e n s ion is g t 1 ¼ �ðŶ41X̂4Þ � aX̂Ŷ: B y
s y m m e t r y , t h e r e is a n ot h e r t r ip l e p oin t a t

ðmi; t 2;mo; t 2Þ ¼ ðaŶ;�aX̂Þ; (44)

a t w h ic h g t 2 ¼ g t 1. B e f or e p r e s e n t in g a p h a s e d ia g r a m , w e

m u s t c om p l e t e l y s p e c if y t h e s y s t e m b y g iv in g t h e s t r e n g t h of

t h e c ou p l in g , w h ic h w e d o in t h e d im e n s ion l e s s r a t io b[ a/

2jcoj, a n d a l s o t h e r a t io r [ jcij/jcoj. A s ci is p r op or t ion a l t o
(T – Tc ,i) a n d co t o (T – T c ,o ) , w h e r e Tc ,i a n d T c ,o a r e t h e

c r it ic a l t e m p e r a t u r e s of t h e u n c ou p l e d in n e r a n d ou t e r l e a v e s

r e s p e c t iv e l y , t h e r a t io r c om p a r e s h ow f a r , a t a g iv e n t e m -

p e r a t u r e , t h e t w o l e a v e s a r e f r om t h e ir r e s p e c t iv e u n c ou p l e d

c r it ic a l t e m p e r a t u r e s .

I n F ig . 1 a, w e s h ow a p h a s e d ia g r a m in t h e x, y, p l a n e f or

t h e c a s e of id e n t ic a l l e a v e s , r¼ 1, a n d f or w e a k c ou p l in g b¼
1/2. T h e d im e n s ion l e s s a r e a l d e n s it ie s x=X̂ a n d y=Ŷ a r e

p l ot t e d . T h e t ie l in e s a r e t h os e of t h e c ou p l e d s y s t e m , a n d

w e r e ob t a in e d b y n u m e r ic a l s ol u t ion of t h e e q u a t ion s of

c oe x is t e n c e . T h e y a g r e e v e r y w e l l w it h t h os e of t h e w e a k -

c ou p l in g t h e or y g iv e n a b ov e . T h e y e n d , b y d e fi n it ion , on t h e

b in od a l s s h ow n b y t h e s ol id l in e s . T h e t w o r e g ion s of t h r e e -

p h a s e c oe x is t e n c e a r e c l e a r . T h e d ot - d a s h e d l in e s s h ow t h e

b in od a l s of t h e u n c ou p l e d s y s t e m , on e in w h ic h t h e t ie l in e s

a r e s t r ic t l y h or iz on t a l or v e r t ic a l . T h e s q u a r e r e p r e s e n t s f ou r -

p h a s e c oe x is t e n c e of t h e u n c ou p l e d s y s t e m w h ic h , d u e t o

t h e c ou p l in g , b r e a k s in t o t h e t w o t h r e e - p h a s e c oe x is t e n c e

r e g ion s j oin e d b y a r e g ion of t w o- p h a s e c oe x is t e n c e .

F or a s y s t e m w h ic h is c ou p l e d s t r on g l y , t h e e q u a t ion s of

c oe x is t e n c e m u s t b e s ol v e d n u m e r ic a l l y . T h e p h a s e d ia g r a m

f or a s y s t e m of id e n t ic a l l e a v e s , r ¼ 1, a n d c ou p l in g b [ a/

2jc0j ¼ 3.0 is s h ow n in F ig . 1 b. T h e r e is l it t l e q u a l it a t iv e

d if f e r e n c e f r om t h a t of t h e w e a k c ou p l in g c a s e . T h e g r e a t e r

d e v ia t ion of t h e t ie l in e s f r om b e in g s t r ic t l y h or iz on t a l or

v e r t ic a l r e fl e c t t h e e f f e c t of t h e c ou p l in g .

Leaves of which only one phase-separates

when u ncou pled

T h is c a s e , in w h ic h t h e ou t e r l e a f c a n u n d e r g o p h a s e s e p -

a r a t ion a t b iol og ic a l t e m p e r a t u r e s w h il e t h e in n e r l e a f c a n n ot ,

is t h e on e t h a t m ig h t b e of b iol og ic a l r e l e v a n c e .

T h e p h a s e d ia g r a m of t h e u n c ou p l e d s y s t e m is s im p l e a n d

is s h ow n in F ig . 2 a. T h e r e a r e t w o p h a s e s ; on e in w h ic h t h e

ou t e r l e a f is r ic h in or d e r in g l ip id s w h il e t h e in n e r l e a f is

d is or d e r e d , (d,R9 ) , a n d t h e ot h e r in w h ic h t h e ou t e r l e a f

is p oor in or d e r in g l ip id s a n d t h e in n e r l e a f is d is or d e r e d ,

(d,P9 ) . T h e r e is p h a s e c oe x is t e n c e in t h e ou t e r l e a f a t a s p e -

c ifi c v a l u e of mo¼ 0 ir r e s p e c t iv e of mi. I n c om p os it ion s p a c e ,

t h e or d e r p a r a m e t e r of t h e ou t e r l e a f , y, t a k e s t h e s p e c ifi c

v a l u e s Y1 ¼ �Y2 ¼ Ŷ ¼ ð�co=2Þ
1=2

in t h e c oe x is t in g p h a s e s ,

ir r e s p e c t iv e of t h e or d e r p a r a m e t e r in t h e in n e r l e a f , x, w h ic h

v a r ie s w it h t h e c h e m ic a l p ot e n t ia l mi. T h e t ie l in e s a r e v e r t ic a l

a n d e n d on t h e b in od a l s r e p r e s e n t e d b y s ol id l in e s . T h e
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dashed lines show the loci of the spinodals between which the

sy stem is u nstable. T hey ar e g iv en by the v alu es of x and y

which satisfy the eq u ation

@
2
f

@x
2

� �

@
2
f

@y
2

� �

�
@
2
f

@x@y

� �2

¼ 0; (4 5 )

or eq u iv alently

@mi

@x

� �

@mo

@y

� �

�
@mi

@y

� �

@mo

@x

� �

¼ 0: (4 6 )

(O f cou r se @mi/@y ¼ @mo/@x.)

W hen the cou pling between phases is tu r ned on and

tr eated as weak as befor e, one fi nds that the tie lines between

the two phases ar e now g iv en by

y2 � y1

x2 � x1
¼

2ci

a
: (4 7 )

T hey hav e a positiv e slope, so that the inner leaf in one phase

is m or e or der ed du e to the or der ed ou ter leaf, and is m or e

disor der ed in the other phase du e to the cou pling to the

disor der ed ou ter leaf. T his is the ex pected behav ior (19 ) .

F r om the C lau siu s- C lapey r on eq u ation, E q . 15 , we obtain the

phase bou ndar y in the chem ical potential space

mo ¼ �
a

2ci
mi: (4 8 )

T he behav ior of the tie lines is illu str ated in F ig . 2, b and c,

for the cases in which r ¼ ci/jcoj ¼ 1 and the cou pling s b ¼
0.7 5 and 2.25 , r espectiv ely . T ie lines ar e dr awn which beg in

at eq u al inter v als along the u pper bou ndar y . O ne sees that

with incr easing cou pling the spinodals becom e closer to the

binodals, which indicates that the osm otic com pr essibility

incr eases and the sy stem , while still stable, is less so. A s the

q u antity on the left- hand side of E q . 4 6 is positiv e when the

sy stem is stable, and the fi r st two ter m s of this eq u ation ar e

positiv e, one sees that the sou r ce of decr easing stability is

either the effect of chang es in the com position of the ou ter

leaf on the chem ical potential of the inner leaf, or the r ev er se.

T his tendency g r ows with incr easing cou pling u ntil the

osm otic com pr essibility div er g es at a phase tr ansition. N ow

the bilay er can, as in the case tr eated pr ev iou sly , ex ist in any

of fou r phases: two with an ou ter leaf r ich in or der ing lipids

pair ed either with an inner leaf r icher in or der ing lipids,

(R,R9 ) , or with an inner leaf poor er in or der ing lipids, (P,R9 ) ,

and the other two with an ou ter leaf poor in or der ing lipids

pair ed either with an inner leaf r icher in them , (R,P9) , or

poor er in them , (P,P9 ) . O f cou r se bey ond the cr itical point,

the distinction between these latter two phases is lost and one

F I G U R E 1 (a) P hase diag r am in the x,y plane of the bilay er for r ¼ 1, so

that the leav es ar e essentially identical, and a weak cou pling b ¼ 0.5 . T he

or der par am eter , y, of the ou ter leaf is shown in u nits of Ŷ; and that of the

inner leaf, x, is shown in u nits of X̂ ¼ rŶ: T he tie lines end on the binodals of

the cou pled sy stem shown with solid lines. T he dashed- dotted lines denote

the binodals of the u ncou pled sy stem . T her e ar e fou r possible phases of the

bilay er ; one in which the or der par am eter s in both leav es ar e positiv e, (R,R9 ) ,

one in which they ar e both neg ativ e, (P,P9 ) , and two phases in which the

or der par am eter in one leaf is positiv e while that in the other leaf is neg ativ e.

N ote that the r eg ion of fou r - phase coex istence in the u ncou pled sy stem

br eak s into two r eg ions of thr ee- phase coex istence connected by a r eg ion of

two- phase coex istence between (R,R9 ) and (P,P9) . (b) P hase diag r am in the

x,y plane of the bilay er for r¼ 1, and a str ong er cou pling b¼ 3 .0. T he point

AA r epr esents the state of a bilay er which consists of cou pled, identical,

leav es su ch that the sy stem is in the one- phase r eg ion (P,P9) ; BB r epr esents a

bilay er of cou pled, identical, leav es of a differ ent com position su ch that the

sy stem is well within the coex istence r eg ion between (R,R9 ) and (P,P9 ) ,

while the bilay er CC is bar ely within this two- phase r eg ion. T he point AB

r epr esents the r esu lt of m ak ing a bilay er with one leaf of A and the other of B.

I t is within the coex istence r eg ion. T he point AC r epr esents the r esu lt of

m ak ing a bilay er with one leaf of A and the other of C. I t is within the one-

phase r eg ion (P,P9 ) .
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can only distinguish the single phase previously labeled

(d,P9 ) . A sim ilar rem ark applies to the distinction betw een

phases (R,R9 ) and (P,R9 ) . A phase diagram f or a coupling

b ¼ 4 . 0 , w hich is larger than that needed to produce the

separation, is show n in F ig. 3 a in the x,y plane, and in the

plane of chem ical potentials mo,mi in F ig. 3 b . I n the vicinity

of the critical point, of course, the osm otic com pressibility is

very large. A gain this im plies that sm all changes in the areal

density of the outer leaf can have large ef f ects on the areal

density of the inner leaf .

F inally w e have considered values of r[ jcij/jcoj dif f erent
than unity, that is, leaves w hich at T are at dif f erent tem -

perature intervals f rom their critical tem peratures in the

uncoupled system . T he results dif f er only q uantitatively

f rom those presented above f or r ¼ 1 .

DISCUSSION

W e have em ployed a sim ple m odel f ree energy to study the ef -

f ect of a coupling betw een the leaves of a bilayer, and have de-

term ined its phase diagram f or both w eak and strong couplings.

F I G U R E 3 P hase diagram s f or a system at a tem perature at w hich the

outer leaf can undergo phase- separation w hen uncoupled f rom the inner leaf ,

but the inner leaf cannot undergo a phase separation w hen uncoupled f rom

the outer leaf . T he value of r ¼ 1 , and the coupling is b ¼ 4 . 0 . (a) P hase

diagram in the x,y plane. T here is now an additional coex istence region

betw een one phase in w hich the outer leaf is rich in saturated lipids as is the

inner leaf , (R,R9 ) , and another in w hich the outer leaf is rich is such lipids and

the inner leaf is poor in them , (P,R9) . (b) U pper- lef t q uadrant of the phase

diagram in the chem ical potential plane. T he chem ical potentials mi and mo

are given in units of X̂3 and Ŷ3; respectively. T he low er- right q uadrant

f ollow s by sym m etry, and the other tw o display no phase boundaries.

F I G U R E 2 P hase diagram s f or a system at a tem perature at w hich the

outer leaf can undergo phase separation w hen uncoupled f rom the inner leaf ,

but the inner leaf cannot undergo a phase separation w hen uncoupled f rom

the outer leaf . T he value of r ¼ 1 . (a) P hase diagram of the uncoupled

system , i. e. , b ¼ 0 . S olid lines and dashed lines denote the binodals and

spinodals, respectively. (b) S am e but f or b ¼ 0 . 7 5 and (c) f or b ¼ 2 . 2 5 . F or

all three values of the coupling, the bilayer can ex ist in only tw o phases; that

in w hich the inner leaf is disordered w hile the outer leaf is rich in ordering

lipids (d,R9) , and that in w hich the inner leaf is disordered w hile the outer

leaf is poor in ordering lipids, (d,P9 ) .
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In the case in which leaves could each undergo phase

separation even when uncoupled, the phase diagram s of F ig.

1 , a and b, apply and display som e of the phenom ena which

have b een ob served recently .

F irst, as ob served in K iessling et al. ( 1 3 ) , a sy stem which

display s visib le phase separation in the outer leaf b ut not in

the inner leaf can b e m ade to display visib le separation in

b oth leaves b y replacing the com ponents in the inner leaf

with m ore ordering ones while k eeping the com ponents in

the outer leaf fi x ed. T his is understood in F ig. 1 , a and b, in

which one sees that an increase in the order param eter of the

inner leaf , x, with no change in that of the outer leaf , y, can

tak e the sy stem f rom the phase ( P,R9 ) to the phase ( R,R9 ) .

S econd, one sees that the large region of f our- phase co-

ex istence of the uncoupled sy stem b ecom es two large regions

of three- phase coex istence in the coupled sy stem . O ne should

note that the m agnitudes of the order param eters in the various

coex isting phases are not the sam e; that is, the positive value

of the order param eter in the outer leaf of the phase ( R,R9 ) is

larger than the positive value of the order param eter in the

outer leaf of the phase ( P,R9 ) . S im ilar statem ents apply to the

m agnitudes of the negative order param eters in the inner

leaves of the phases ( P,R9 ) and ( P,P9 ) . A s all order param eters

are dif f erent in all three coex isting phases, one would ex pect

each of the phases to appear dif f erently under fl uorescence

m icroscopy . J ust such a region of coex istence of three dif -

f erent phases has b een ob served ( 2 0 ) .

T hird, let us consider two dif f erent sy m m etric b ilay ers. O ne

consists of identical, coupled, leaves with com positions such

that the b ilay er is in the one phase region ( P,P9) . S uch a sy stem

is lab eled AA in F ig. 1 b. T he other consists of identical,

coupled, leaves such that the b ilay er is deep into the region of

two- phase coex istence b etween ( P,P9) and ( R,R9 ) . T his sy stem

is lab eled BB in F ig. 1 b. W e now ask what happens when we

f orm the b ilay erABwhich consists of one leaf of A and the other

of B? F rom F ig. 1 b, one sees that the b ilay er is in two- phase

coex istence b etween the phases ( R,R9 ) and ( P,P9 ) . H ence, b oth

leaves show visib le phase separation. T hat is, coupling a leaf

which strongly separates to one that does not separate can cause

b oth leaves of the coupled sy stem to ex hib it visib le separation.

T his is precisely the b ehavior ob served in C ollins and K eller

( 2 0 ) . T o show that the opposite can also occur, we consider a

third sy m m etric b ilay er, one consisting of identical, coupled,

leaves andwhich is only slightly within the regionof two- phase

coex istence b etween ( P,P9) and ( R,R9 ) , a sy stem m ark ed C C in

F ig. 2 . If one now f orm s a m ix ed b ilay er AC , one sees that the

coupled sy stem is now in the one- phase region ( P,P9 ) . T hus a

leaf which does not phase- separate when coupled to another

which separates only weak ly can cause the coupled sy stem to

show no phase separation. T his is again what was ob served in

ex perim ent ( 2 0 ) .

T he results f or the case which could b e of b iological

interest, in which one leaf can order b y itself while the other

does not, are also interesting. W hen the coupling is weak , the

results are sim ilar in spirit to that of A llender and S chick

( 1 9 ) . T here are only two phases; in one the outer leaf is rich

in ordering lipids while the inner leaf is som ewhat richer in

them than it would b e when uncoupled. In the other phase,

the outer leaf is poorer in the ordering lipids, and the inner leaf

is som ewhat poorer in them also. A s the coupling is increased,

we ob serve that there are com positions at which sm all changes

in the am ount of ordering lipids in the outer leaf can have large

ef f ects on their am ount in the inner leaf ; that is, the osm otic

com pressib ility of the sy stem increases. W hen the coupling

ex ceeds a tem perature- dependent am ount, a phase transition

occurs and there are now f our possib le phases j ust as in the fi rst

case discussed ab ove. T here is a critical point in the neigh-

b orhood of which the osm otic com pressib ility of the sy stem

can b e very large. In this region, sm all changes in the com -

position of the outer leaf can cause very large changes in the

com position of the inner leaf . A s this dif f erence in areal

densities of ordered lipids in the inner leaf could provide a

m eans b y which proteins anchored to the inner leaf b y an

acy lated chain could distinguish one region f rom another, it is

possib le that sm all changes in the com position of the outer leaf

could have a large ef f ect on partition coef fi cients of proteins

attached to the inner leaf .

F inally we com m ent on the alignm ent of dom ains in one

leaf with dom ains in the other. In the fi rst case which we have

considered, that in which each leaf could undergo phase

separation even when uncoupled f rom the other, it is ob vious

that when uncoupled the dom ains in each leaf would b e un-

correlated. A s the coupling is turned on, the dom ains will tend

to b e correlated b y the cost of the line tension b etween

dif f erent phases of the b ilay er. N onetheless, b ecause they can

fl uctuate independently when uncoupled, one ex pects that

dom ain correlation will not b e strong when the coupling is

weak . F or strong coupling, of course, one ex pects the dom ains

to b e very well correlated. T his seem s to b e the case in the

ex perim ents of C ollins and K eller ( 2 0 ) . T he situation is

com pletely dif f erent in the case when the inner leaf would not

undergo phase separation when uncoupled to the outer. T hen,

the f act that the inner leaf can ex ist in two phases, slightly

richer or slightly poorer in ordering lipids, only com es ab out

b ecause of the coupling to the outer leaf , a coupling which acts

lik e a chem ical potential f or the order param eter of the inner

leaf . T heref ore one ex pects the dom ains in the inner leaf to b e

very well correlated with those in the outer leaf . T his, too,

could clearly b e of b iological relevance.

W e gratef ully ack nowledge usef ul conversations with M arcus C ollins,

S arah K eller, and M arcel den N ij s.

T his work has b een supported b y the N ational S cience F oundation under

grants N o. D M R - 0 1 4 0 5 0 0 and 0 5 0 3 7 5 2 .

REFERENCES

1 . S im ons, K . , and E . Ik onen. 1 9 9 7 . F unctional raf ts in cell m em b ranes.
N at u r e . 3 8 7 : 5 6 9 – 5 7 2 .

2 . S im ons, K . , and D . T oom re. 2 0 0 0 . L ipid raf ts and signal transduction.
N at u r e Re v . M o l . C e l l . Bi o l . 1 : 3 1 – 4 1 .

876 P u t z e l a n d S c h i c k

B i o p h y s i c a l J o u r n a l 9 4 ( 3 ) 869 – 877



3. Edidin, M. 2003. The state of lipid rafts: from model membranes to

c ells. Annu. Rev. Biophys. Biomol. Struct. 32:25 7 – 28 3.

4 . Mu nro, S . 2003. L ipid rafts: elu siv e or illu siv e? C ell. 1 1 5 :37 7 – 38 8 .

5 . S imons, K ., and W . V az . 2004 . Model sy stems, lipid rafts, and c ell

membranes. Annu. Rev. Biophys. Biomol. Struct. 33:26 9 – 29 5 .

6 . Mc Mu llen, T., R . N . L ew is, and R . Mc Elhaney . 2004 . C holesterol-

phospholipid interac tions, the liq u id- ordered phase and lipid rafts in

model and biolog ic al membranes. C urr. O pin. C oll. I nt. Sci. 8 :4 5 9 – 4 6 8 .

7 . D ietric h, C ., L . B ag atolli, Z . N . V olov y k , N . Thompson, K . J ac obson,

and E. G ratton. 2001 . L ipid rafts rec onstitu ted in model membranes.

Biophys. J . 8 0:1 4 1 7 – 1 4 28 .

8 . V eatc h, S . L ., and S . L . K eller. 2002. O rg aniz ation in lipid membranes

c ontaining c holesterol. P hys. Rev. L ett. 8 9 :26 8 1 01 .

9 . V eatc h, S . L ., and S . L . K eller. 2003. S eparation of liq u id phases in

g iant v esic les of ternary mix tu res of phospholipids and c holesterol.

Biophys. J . 8 5 :307 4 – 308 3.

1 0. de A lmeida, R ., A . F edorov , and M. P rieto. 2003. S phing omy elin/

phosphatidy lc holine/ c holesterol phase diag ram: bou ndaries and c om-

position of lipid rafts. Biophys. J . 8 5 :24 06 – 24 1 6 .

1 1 . V eatc h, S . L ., and S . L . K eller. 2005 . S eeing spots: c omplex phase

behav ior in simple membranes. Biochim. Biophys. Acta . 1 7 4 6 :1 7 2– 1 8 5 .

1 2. W ang , T. Y ., and J . R . S ilv iu s. 2001 . C holesterol does not indu c e

seg reg ation of liq u id- ordered domains in bilay ers modeling the inner

leafl et of the plasma membrane. Biophys. J . 8 1 :27 6 2– 27 7 3.

1 3. K iessling , V ., J . M. C rane, and L . K . Tamm. 2006 . Transbilay er effec ts

of raft- lik e lipid domains in asy mmetric planar bilay ers measu red by

sing le molec u le trac k ing . Biophys. J . 9 1 :331 3– 3326 .

1 4 . G liss, C ., O . R andel, H . C asalta, E. S ac k mann, R . Z orn, and T. B ay erl.

1 9 9 9 . A nisotropic motion of c holesterol in oriented D P P C bilay ers

stu died by q u asielastic neu tron sc attering : the liq u id- ordered phase.

Biophys. J . 7 7 :331 – 34 0.

1 5 . Endress, E., H . H eller, H . C asalta, M. B row n, and T. B ay erl. 2002.

A nisotropic motion and molec u lar dy namic s of c holesterol, lanosterol,

and erg osterol in lec ithin bilay ers stu died by q u asi- elastic neu tron sc at-

tering . Biochemistry. 4 1 :1 307 8 – 1 308 6 .

1 6 . H ildenbrand, M., and T. B ay erl. 2005 . D ifferenc es in the modu lation of

c ollec tiv e membrane motions by erg osterol, lanosterol, and c holesterol:

a dy namic lig ht sc attering stu dy . Biophys. J . 8 8 :336 0– 336 7 .

1 7 . G ri, G ., B . Molon, S . Manes, T. P oz z an, and A . V iola. 2004 . The inner

side of T- c ell lipid rafts. I mmunol. L ett. 9 4 :24 7 – 25 2.

1 8 . K u su mi, A ., I . K oy ama- H onda, and K . S u z u k i. 2004 . Molec u lar

dy namic s and interac tions for c reation of stimu lation- indu c ed stabiliz ed

rafts from small u nstable steady - state rafts. T ra f fi c. 5 :21 3– 230.

1 9 . A llender, D ., and M. S c hic k . 2006 . P hase separation in bilay er lipid

membranes: effec ts on the inner leaf du e to c ou pling in the ou ter leaf.

Biophys. J . 9 1 :28 28 – 29 35 .

20. C ollins, M., and S . K eller. 2007 . Tu ning lipid mix tu res to indu c e

domains ac ross leafl ets of u nsu pported asy mmetric bilay ers. P roc.
N a tl. Aca d . Sci. U SA. I n press.

21 . C allen, H . 1 9 6 0. Thermody namic s. W iley , N ew Y ork .

Model Membrane with Coupled Leaves 8 7 7

B iophy sic al J ournal 9 4 ( 3 ) 8 6 9 – 8 7 7


