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A BST R A C T W e ex t end p r ev io u s w o r k o n ho m o g eneo u s b il ay er s t o cal cu l at e t he b ar r ier s t o f u s io n o f p l anar b il ay er s t hat

co nt ain t w o dif f er ent am p hip hil es , a l am el l ar f o r m er and a hex ag o nal f o r m er , w it h dif f er ent co m p o s it io ns o f t he t w o in each l eaf .

Sel f - co ns is t ent fi el d t heo r y is em p l o y ed, and b o t h s t andar d and al t er nat iv e p at hw ay s ar e ex p l o r ed. W e fi r s t cal cu l at e t hes e

b ar r ier s as t he am o u nt o f hex ag o nal f o r m er is incr eas ed eq u al l y in b o t h l eav es t o l ev el s ap p r o p r iat e t o t he p l as m a m em b r ane o f

hu m an r ed b l o o d cel l s . W e f o l l o w t hes e b ar r ier s as t he co m p o s it io n o f hex ag o nal f o r m er s is t hen incr eas ed in t he cis l ay er and

decr eas ed in t he t r a n s l ay er , ag ain t o an ex t ent co m p ar ab l e t o t he b io l o g ical s y s t em . W e fi nd t hat , w hil e t he f u s io n p at hw ay

ex hib it s t w o b ar r ier s in b o t h t he s t andar d and al t er nat iv e p at hw ay s , in b o t h cas es t he m ag nit u des o f t hes e b ar r ier s ar e co m -

p ar ab l e t o o ne ano t her , and s m al l , o n t he o r der o f 1 3 kBT. A s a co ns eq u ence, o ne ex p ect s t hat o nce t he b il ay er s ar e b r o u g ht

s u f fi cient l y cl o s e t o o ne ano t her t o init iat e t he p r o ces s , f u s io n s ho u l d o ccu r r ap idl y .

IN TR O D U C TIO N

Despite the importance of membrane fusion to biological

processes such as end ocy tosis, intracell traffi ck ing, and v iral

infection, and d espite the increased attention d ev oted to it,

the process is still not w ell und erstood . I n particular, it is un-

clear w hat the seq uence of ev ents along the path to fusion is,

w hich of those ev ents presents the greatest barrier to fusion,

and w hat the magnitud e of that barrier is.

T he initial stages of the seq uence are relativ ely clear ( 1 ,2 ) .

T he membranes to be fused must be brought suffi ciently

close to one another, w ithin a few nanometers. T o d o so,

w ater must be remov ed , w hich tak es energy . P resumably ,

this is prov id ed by fusion proteins in biological sy stems, but

can, in laboratory samples in w hich such proteins are absent,

be prov id ed simply by ord inary d epletion forces ( 3 ) . A s a

result of the d ecrease of w ater, the free energy per unit area

of the sy stem increases; in other w ord s, the sy stem is now

und er tension. T he free energy can be red uced if the sy stem

shed s area. F usion, w hich accomplishes this, is one possible

response of the sy stem to that tension. T he nex t stage in the

process is that, locally , some lipid tails in the membrane

leav es w hich are closest to one another, i.e., the cis leav es,

fl ip ov er and embed themselv es in the hy d rophobic env i-

ronment of the cis leaf of the other bilay er, thereby forming a

‘ ‘ stalk ’ ’ ( 4 ) , as d epicted in F ig. 1 a. T his process is consistent

w ith ex perimental ev id ence ( ( 1 ) and references therein) , and

has been seen d irectly in simulations of coarse- grained ,

microscopic, mod els of membranes ( 5 – 9 ) .

T he nex t stage is unclear, and sev eral possibilities hav e

been proposed . T he original suggestion ( 4 ) w as that the stalk

ex pand s rad ially from an ax is perpend icular to the bilay ers,

as in F ig. 1 b. T he cis lay ers retract, leav ing a hemifusion

d iaphragm, w hich consists only of the leav es of the tw o

membranes that w ere initially furthest from one another, the

t r an s leav es. N ote that membrane area has been red uced as

the hemifusion d iaphragm now consists only of tw o, t r an s,

leav es in place of the original four, tw o cis and tw o t r an s.

T he appearance of a hole in this hemifusion d iaphragm

completes the formation of the fusion pore, F ig. 1 c. O n the

basis of phenomenological mod eling similar to that em-

ploy ed earlier ( 4 ) , a second scenario w as suggested : that the

pore forms w ithout signifi cant rad ial ex pansion of the stalk

( 1 0 ,1 1 ) . A third possibility w as rev ealed by simulations of

coarse- grained , microscopic mod els ( 5 ,6 ,1 2 ) . I n this, w hich

w e d enote the fi rst stalk - hole mechanism, the stalk d oes not

ex pand rad ially , but elongates asy mmetrically . I ts presence

mak es more fav orable the formation nearby of a hole in

either bilay er by red ucing the line tension of the hole ( 1 3 ) .

T he stalk then surround s the hole, w hich also prod uces a

hemifusion d iaphragm, as in the stand ard stalk mechanism,

but one consisting of a cis and t r an s lay er of one of the

original bilay ers. T he appearance of a second hole, this in the

hemifusion d iaphragm, then completes the fusion pore. A

hemifusion d iaphragm is also consistent w ith ex perimental

ev id ence ( ( 1 4 ) and references therein) . I n a v ariant of this

mechanism, d enoted the second stalk - hole mechanism, the

second hole appears before the fi rst is surround ed . T he

mobile stalk then surround s them both forming the fusion

pore. A fter formation of the fusion pore, the pore ex pand s to

further eliminate area and thus red uce the sy stem’ s free

energy . S imulations of coarse- grained , microscopic, mod els

hav e observ ed the original mechanism ( 8 ,9 ,1 2 ) , and also the

stalk - hole mechanism ( 5 – 9 ,1 2 ) . I f the path to fusion is not

w ell established , neither is the limiting free energy barrier of

the process. I t had been thought, on the basis of phenom-

enological calculations, that the free energy to form the

initial stalk w as so large that its formation could w ell be the
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barrier to fusion. Improvements in the way the stalk was

mod eled ( 1 5 ) , and in the phenomenolog ic al free energ y d e-

sc ribing the elastic properties of the membrane ( 1 6 ) , whic h

forms the stalk, resulted in a marked red uc tion in the estimate

of the free energ y of formation of the stalk. F or a bilayer with

symmetric leaves c harac teriz ed by a spontaneous c urvature

appropriate to d ioleoylphosphatid ylc holine ( D O P C ) , this

q uantity is estimated by K oz lovsky and K oz lov ( 1 6 ) to be 4 3

kBT , and by K uz min et al. ( 1 1 ) to be ;2 5 kBT. In c ontrast to

phenomenolog ic al theories, self- c onsistent fi eld theory has

been applied to a c oarse- g rained mic rosc opic mod el of a

symmetric membrane ( 1 7 ) , resulting in an even lower esti-

mate of 1 3 kBT. Irrespec tive of the partic ular number, it would

not appear that the formation of the stalk presents the larg est

barrier to fusion.

If stalk formation is not the rate- limiting proc ess in fusion,

what is? In the stand ard pic ture in whic h the stalk ex pand s

rad ially into a hemifusion d iaphrag m, it is the formation of

this struc ture, whic h takes a g reat d eal of energ y. F or a

symmetric bilayer of D O P C , a d iaphrag m of mod est rad ius

of 2 .5 nm c osts on the ord er of 8 0 kBT , if one uses the

estimate of K oz lovsky and K oz lov ( 1 6 ) for the d iaphrag m

line tension. H ow larg e the d iaphrag m must bec ome before a

pore forms is not c lear from this c alc ulation. K uz min et al.

( 1 1 ) c onsid er a mod ifi ed stalk and a d ifferent rad ial sym-

metric intermed iate, a pre- pore. T hey fi nd its energ y, ;6 0

kBT , to be less than that of a hemifusion d iaphrag m, and the

larg est along the fusion pathway. S elf- c onsistent fi eld c al-

c ulations ex amined both the c lassic al pathway ( 1 7 ) and the

fi rst stalk- hole mec hanism ( 1 3 ) , and loc ated the barriers to

fusion for symmetric bilayers. In the former, the larg est

barrier oc c urred when the hemifusion d iaphrag m ex pand ed

to a rad ius, whic h was of the same ord er of the hyd rophobic

thic kness of a bilayer. P ore formation followed . T he value of

the barrier rang ed from ; 2 5 – 6 5 kBT, d epend ing upon the

tension and the arc hitec ture of the amphiphiles. T he barrier

d ec reases with inc reasing tension and as the arc hitec ture

tend s toward d ioleoylphosphatid ylethanolamine ( D O P E ) ,

and away from D O P C . C alc ulated barriers in the stalk- hole

mec hanism tend ed to be somewhat smaller than in the

stand ard mec hanism, but only by a few kBT. T hus, the two

mec hanisms seem to be c omparable in terms of their ener-

g etic s, at least for the symmetric membranes ex amined .

Biolog ic al membranes are not symmetric , however. In

human red blood c ell membranes, for ex ample, most of the

c holinephospholipid s, sphing omyelin ( S M ) and phosphati-

d ylc holine ( P C ) , are found in the outer, ec toplasmic , leaf,

and most of the aminophospholipid s, phosphatid ylethanol-

amine ( P E ) and phosphatid ylserine ( P S ) , are found in the

inner, c ytoplasmic , leaf ( 1 8 , 1 9 ) . In partic ular the mol % of

P C in the outer/ inner leaf is 2 2 : 8 , of S M is 2 0 : 5 , of P S is

0 : 1 0 , and of P E is 8 : 2 7 ( 1 8 ) . T o maintain this imbalanc e

c osts energ y ( 2 0 ) , therefore it is reasonable to assume that it

plays some physiolog ic al func tion. O ne sug g estion is that

this imbalanc e promotes fusion in intrac ellular events ( 2 1 –

2 3 ) . T he reasoning is as follows. O f the four maj or lipid

g roups c ited above, three of them, S M , P C , and P S ( 2 4 ) form

bilayers und er physiolog ic al c ond itions. T hey make up 6 5 %

of the total bilayer, but 8 4 % of the outer, t r an s , leaf. P E ,

however, d oes not form lamellae, but rather an inverted

hex ag onal phase ( 2 5 ) . It has often been noted ( 2 6 ) that

reg ions of this nonbilayer phase resemble the nonbilayer

c onfi g urations posited to oc c ur in fusion. F urthermore, P E

resid es pred ominantly in the inner, c ytoplasmic , leaf of the

plasma membrane. W hile it makes up only 3 5 % of the total

bilayer c omposition of human red blood c ell membranes, it

c omprises 5 4 % of the inner leaf. It is presumed to also resid e

pred ominantly in the outer leaf of a bilayer vesic le within the

c ell, as the outer leaf of suc h a vesic le would make c ontac t

with the inner leaf of the plasma membrane d uring fusion of

the vesic le and plasma membrane, and thereby have the

opportunity to ex c hang e lipid c ontent. H owever, it is pre-

c isely the inner leaf of the plasma membrane and the outer

leaf of a vesic le whic h would be c losest to one another

d uring fusion ( i.e., would be the ci s leaves) , and would un-

d erg o the larg est d eviation from a planar c onfi g uration.

H enc e, the enhanc ed c onc entration of P E in these leaves

would presumably promote fusion.

T here is muc h ex perimental evid enc e to support the view

that the presenc e of hex ag onal- forming lipid s in the ci s

leaves enhanc es fusion. In partic ular, mod el membranes ( i.e.,

whic h have eq ual c omposition in both leaves) fuse read ily

when c omposed of a mix ture of P E and P S approx imating

that of the inner leaf of the erythroc yte membrane ( 2 7 ) , while

those c onsisting of P C and S M d o not. A symmetric

F IG U R E 1 T he stand ard stalk mod el d esc ription of membrane fusion.

L ig ht reg ions ind ic ate the areas of head g roups of the bilayer in the left- hand

panel, and of tail g roups in the rig ht- hand panel. ( a) S talk; ( b) hemifusion

d iaphrag m; and ( c ) fusion pore.
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membranes were investigated by Eastman et al. (21), who

u tiliz ed dioleoylp hosp hatidic ac id (D O P A ), a lip id with a

headgrou p smaller even than P E, whic h they c ou ld move

f rom cis to trans layers by ap p lic ations of a p H gradient.

T hey f ou nd f u sion to be c orrelated with the amou nt of

D O P A in the cis leaf . W ith D O P A p resent in the cis leaf in

modest amou nts, 5 mol % , f u sion of large u nilamellar vesi-

c les oc c u rred readily on the addition of C a21. H owever,

when D O P A was seq u estered in the t r a n s leaf , little or no

f u sion was observed. C onversely, if one adds to the cis leaf

lau royl lysop hosp hatidylc holine, whic h has a large head-

grou p when c omp ared to its single tail, f u sion is inhibited

dramatic ally (23 ).

A s imp ortant as this asymmetry ap p ears to be to the

p roc ess of f u sion, it is little addressed in theoretic al c alc u -

lations. I n p henomenologic al ones, it has been ac c ou nted f or

by allowing the inner and ou ter leaves to be c harac teriz ed by

dif f erent sp ontaneou s c u rvatu res. I n this way, K oz lovsk y

and K oz lov (16 ) p redic t that the f ree energy of stalk f or-

mation dep ends essentially only on the sp ontaneou s c u rva-

tu re of the cis leaves, and dec reases rap idly as this c u rvatu re

is made more negative, (i.e., as one p roc eeds f rom the la-

mellar f ormers toward the hex agonal f ormers). A similar

c alc u lation and resu lt f ollows f or the f ree energy of f or-

mation of the hemif u sion diap hragm (28 ). T hat the f ree

energies of the stalk and hemif u sion diap hragm dep end

essentially only on the p rop erties of the cis leaf is in ac c ord

with the ex p erimental observations (21). T here are no direc t

resu lts f or the ef f ec t of the asymmetry on the largest barrier

to f u sion, however. F u rther, by treating the entire cis layer as

having the same sp ontaneou s c u rvatu re, the c alc u lation c an-

not c ap tu re the ability of hex agonal- f orming lip ids to re-

sp ond loc ally to an environment in whic h the leaves are

loc ally def ormed, whic h will resu lt, in general, in their dis-

tribu tion being nonu nif orm (29 ). S imu lations of f u sion have

not yet c onsidered the ef f ec ts of asymmetry, p resu mably be-

c au se the asymmetric distribu tion rep resents a c onstrained

eq u ilibriu m, a situ ation more dif fi c u lt to handle than an u n-

c onstrained one.

I n this artic le, we c onsider two imp ortant c onditions noted

above; that the bilayer leaves c onsist of at least two c lasses of

lip ids, lamellar f ormers and hex agonal f ormers, and that

these lip ids are distribu ted asymmetric ally with resp ec t to the

cis and t r a n s layers. W e do so by ex tending the ap p lic ation

of self - c onsistent fi eld theory to mic rosc op ic models of

membranes initiated earlier (13 ,17 ). T he basic assu mp tion of

this ap p roac h is that the self - assembly into bilayer vesic les

and the p roc esses whic h these vesic les c an u ndergo, su c h as

f u sion, are c ommon to systems of amp hip hiles, of whic h

lip ids are bu t one ex amp le. R ec ent work on vesic les c on-

sisting of dibloc k c op olymers serves to illu strate this p oint

(3 0 ). I t f ollows that these p roc esses c an be ex p lored in

whatever system of amp hip hiles p roves to be most c onve-

nient. F or the ap p lic ation of self - c onsistent fi eld theory, that

system is one of bloc k c op olymers in a homop olymer

solvent. W hile the p roc esses that amp hip hiles u ndergo are

p resu mably u niversal, the energy sc ales of these p roc esses

are system- dep endent, and thu s it is nec essary to be able to

c omp are the energy sc ale in a biologic al bilayer with the

sc ale in a system of bloc k c op olymers. F rom the c omp arison

of the valu e of a dimensionless ratio in the f ormer system to

the same ratio c alc u lated in the latter, it was determined that

the energies in the biologic al system were greater than those

in the p olymer system by a f ac tor of ;2.5 . T he ratio c hosen

f or c omp arison was that of two energies, the thermal energy,

kBT, and the su rf ac e f ree energy p er u nit area of the bilayer

mu ltip lied by the sq u are of its thic k ness.

W e ex amine in two stages the ef f ec t on the energies of

f u sion intermediates c au sed by the asymmetric distribu tion

of amp hip hiles in mu ltic omp onent bilayers. F irst, we c on-

sider the ef f ec t on the barriers to f u sion du e to the p resenc e of

two k inds of amp hip hiles in leaves of identic al c omp osition,

as in artifi c ial membranes. W e do this f or the standard

mec hanism, and f or both the fi rst and sec ond stalk - hole

f u sion mec hanisms. W e fi nd that the barriers are redu c ed

ap p rec iably bec au se the hex agonal- f orming amp hip hiles c an

go to the regions where they relieve the most strain (29 ). T he

barriers in the two variants of the stalk - hole mec hanism are

not very dif f erent f rom one another. W e then c onsider the

same overall c omp osition, bu t redistribu te the two amp hi-

p hiles asymmetric ally, with the hex agonal f ormers being

more c onc entrated in the cis leaves. T he barriers in the

standard f u sion mec hanism and in the sec ond stalk - hole

mec hanism are c alc u lated. T he overall ef f ec t of having two

su c h dif f erent amp hip hiles distribu ted u neq u ally between the

two leaves is dramatic . T he maj or barriers to f u sion in the

two sc enarios are redu c ed to su c h an ex tent that they are now

c omp arable to the rather small initial barrier to stalk f or-

mation. T his barrier is not af f ec ted ap p rec iably by the addition

of the hex agonal f ormers nor by their asymmetric distribu tion,

and remains on the order of 13 kBT. A s a resu lt, the f u sion

p athway c onsists of two small barriers. O nc e bilayers are

brou ght su f fi c iently c lose to initiate the p roc ess, f u sion shou ld

theref ore p roc eed rap idly.

THE MODEL

T he model is similar to that emp loyed earlier (13 ,17 ), so we

will only disc u ss here the nec essary ex tensions. W e c onsider

a system of two dif f erent amp hip hiles, whic h are eac h A B

bloc k c op olymers and are denoted 1 and 2, and a solvent of

A homop olymer. T he volu mes oc c u p ied by a solvent c hain

of N segments, and of a c hain of amp hip hile 1, also tak en to

be of N segments, are Nv, where v is the volu me of eac h

segment. T he volu me oc c u p ied by a c hain of amp hip hile 2 of

ãN segments is ãNv. T he f rac tion of hydrop hilic , A, mono-

mers in amp hip hile 1 is f1 and that in amp hip hile 2 is f2. I n

ou r su bseq u ent c alc u lations we shall tak e f1 ¼ 0 .4 , c lose to

the valu e of 0 .4 3 whic h wou ld c harac teriz e D O P C , and f2 ¼

0 .29 4 , ap p rox imately the valu e c harac teriz ing D O P E (17 ). I n
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order that the hydrophobic length of the two different

am phiphiles be the sam e, we req u ire ð1� f1ÞNv ¼ ð1� f2Þ
ãNv so that ã ¼ 0:8 5 . T hu s we hav e two am phiphiles with

the sam e hydrophobic length, bu t different hydrophilic

lengths. Am phiphile 2 is a hex agonal form er with a sm aller

hydrophilic headgrou p than am phiphile 1, which is a lam el-

lar form er. W e denote the local v olu m e fraction of hydro-

philic elem ents of am phiphile 1 to be fA,1(r ) , of am phiphile

2 to be fA,2(r ) , and of the solv ent to be fA,s(r ) . T he total

local v olu m e fraction of hydrophilic elem ents is denoted

fAðrÞ ¼ fA;1ðrÞ1fA;2ðrÞ1fA;sðrÞ: (1)

S im ilarly the total local v olu m e fraction of hydrophobic

elem ents is

fBðrÞ ¼ fB;1ðrÞ1fB;2ðrÞ: (2)

T he am ou nts of each of the com ponents are controlled

by activ ities, z1, z2, and zs . T he system is tak en to be

incom pressible and of v olu m e V. Becau se of the incom pres-

sibility constraint, only two of the activ ities are independent.

W ithin the self- consistent fi eld approx im ation, the ex cess

free energy, dVsym (T, A, z1, z2, zs) , of the bilayer system of

area A, is giv en by

Nv

kBT
dV

sym
¼� z1Q1 � z2Q2 � zsQs 1

Z
dr½xNfAðrÞfBðrÞ

�wAðrÞfAðrÞ�wBðrÞfBðrÞ

� jðrÞð1� fAðrÞ � fBðrÞÞ�;

(3 )

where Q1(T, [ wA, wB ] ) , Q2(T, [ wA, wB ] ) , and Qs(T, [ wA ] ) are

the confi gu rational parts of the single chain partition fu nc-

tions of am phiphiles 1 and 2 and of solv ent. T hey hav e the

dim ensions of v olu m e, and are fu nctions of the tem peratu re,

T, which is inv ersely related to the F lory interaction x, and

fu nctionals of the fi elds wA and wB . T hese fi elds, and the

L agrange m u ltiplier j(r) , which enforces the local incom -

pressibility condition, are determ ined by the self- consistent

eq u ations

wAðrÞ ¼ xNfBðrÞ1 jðrÞ; (4 )

wBðrÞ ¼ xNfAðrÞ1 jðrÞ; (5 )

1 ¼ fAðrÞ1fBðrÞ; (6 )

fAðrÞ ¼ �z1
dQ1½wA;wB�

dwAðrÞ
� z2

dQ2½wA;wB�

dwAðrÞ
� zs

dQs½wA�

dwAðrÞ
;

(7 )

fBðrÞ ¼ �z1
dQ1½wA;wB�

dwBðrÞ
� z2

dQ2½wA;wB�

dwBðrÞ
: (8 )

T he partition fu nctions are obtained from the solu tion of a

m odifi ed diffu sion eq u ation, as detailed in the fi rst article in

this series (17 ) , and the barriers to fu sion are calcu lated for

the standard and for the stalk - hole m echanism s as in the

prev iou s two articles (13 ,17 ) . T he free energy in the self-

consistent fi eld approx im ation, dV
sym
scf , is obtained by

inserting into the free energy of E q . 3 the fu nctions satisfying

the self- consistent E q s. 4 –8 with the resu lt

Nv

kBT
dV

sym

scf
ðT;A; z1; z2; zsÞ ¼ � z1Q1ðT; ½wA;wB�Þ

� z2Q2ðT;½wA;wB�Þ�zsQsðT;½wA�Þ

�

Z
drxNfAðrÞfBðrÞ;

(9 )

where we hav e set
R
jðrÞdr ¼ 0. W ith the ex cess free energy

k nown, the su rface free energy per u nit area, or eq u iv alently,

the su rface tension, g, follows from

gðT; z1; z2; zsÞ[ lim
A/N

dVðT;A; z1; z2; zsÞ

A
: (10)

C alcu lation of the barrier to fu sion in the standard m echa-

nism is relativ ely straightforward becau se all interm ediates,

the stalk , hem ifu sion diaphragm , and pore, are characteriz ed

by ax ial sym m etry abou t the z ax is, and refl ection sym m etry

in the x y plane. T he form er sym m etry is absent in the inter-

m ediates of the stalk - hole m echanism s. T o m ak e tractable

the calcu lation of the barrier along this path, the actu al in-

term ediates were approx im ated by interm ediates constru cted

from segm ents of confi gu rations which possessed both sym -

m etries and whose free energies, therefore, were easily obtained

(13 ) .

J u st before form ation of the stalk - hole com plex , the

elongated stalk was treated as if it were in the shape of a

circu lar arc with a fractional angle, 0# a# 1, and radiu s R,

as shown schem atically in F ig. 2 a . I ts free energy is

F1ðR;aÞ ¼ aFI M I ðRÞ1Fs; (11)

where F I M I is the energy of the stru ctu re shown at the

ex trem e right of F ig. 2 a, which corresponds to a¼ 1, and Fs

is the free energy of a stalk . T his is becau se it is the su m of

the energies of the two end caps of a stru ctu re for whicha 6¼ 1,

and these two end caps together m ak e a stalk .

J u st after form ation of the stalk - hole com plex in the fi rst

stalk - hole m echanism , there is a hole in one of the two

bilayers (3 1–3 5 ) , which is partially su rrou nded by the elon-

gated stalk . T his interm ediate is approx im ated by the con-

fi gu ration shown in F ig. 2 b whose free energy is

F2ðR;aÞ ¼ aFHI ðRÞ1 ð1� aÞFHðR� dÞ1Fd: (12)

Here FHI is the free energy of the stru ctu re with a¼ 1 in which

the stalk wou ld hav e com pletely su rrou nded the hole form ing a

hem ifu sion interm ediate, FH(R – d ) is the free energy of a hole

of radiu s R – d in a bilayer, and Fd is the free energy of the

defects at the end of the arc. E q u ality of the free energies of

E q s. 11 and 12 defi nes a ridge line in the space of param eters a

and R, and the m inim u m of this ridge defi nes a saddle point

along this fu sion path.
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In the second stalk-hole mechanism, just after formation

of the stalk-hole comp lex , there are tw o holes, one in each

b ilay er, p artially surrounded b y the elongated stalk. A gain,

the p icture is as in F ig. 2 b, b ut now the circular ob ject in the

center of the fi gure rep resents the tw o holes, rather than the

one as p rev iously . T hus, the fi gure at the ex treme right now

rep resents a fusion p ore. T he free energy of this confi gura-

tion is

F3ðR;aÞ ¼ aF p oreðRÞ1 ð1� aÞF2HðR� dÞ1F9d: (13)

Here F p ore(R) is the free energy of a p ore of radius R,

F2H(R – d)¼ 2FH(R – d) is the free energy of tw o holes, each

of radius R – d, one ab ov e the other, and F9d the energy of the

tw o defects at the end of the arc. A gain eq uality of E q s. 11

and 13 defi nes a ridge line in the sp ace of p arameters a and

R. T he minimum along this ridge defi nes the fusion b arrier

along this second stalk-hole p athw ay .

RESULTS FOR SYMMETRIC BILAYERS

W e fi rst show in F ig. 3 how the addition of the hex agonal-

forming amp hip hiles affects the b arrier to fusion in the

standard mechanism. W e p lot there in solid lines the free

energy of the stalk, w hich ex p ands into a hemifusion

diap hragm as a function of the structure’ s radius div ided b y

the radius of gy ration, Rg, of the larger amp hip hile. (T he

hy drop hob ic thickness of a single b ilay er comp osed of

amp hip hiles w ith f ¼ 0. 4 is 2. 7 Rg . ) W hen the radius is

smaller than ;0. 5 Rg, w e fi nd no stab le stalk solution of the

self-consistent eq uations. W e hav e taken the v olume Nv

w hich ap p ears in the free energy , E q . 9 , to b e Nv ¼ 1: 5 4 R3
g,

as in our p rev ious w ork (13,17 ). T he four solid curv es in

F ig. 3 corresp ond to v olume fractions of the hex agonal

former of 0, 0. 04 , 0. 11, and 0. 17 from top to b ottom. T he fi rst

thing to b e noted is that, at small radii, there are no solutions

that show a local minimum of the free energy as a function of

radius. S uch solutions w ould corresp ond to a metastab le

stalk. T hat there are no metastab le stalks in a b ilay er com-

p osed of amp hip hiles w ith f¼ 0. 4 , close to the v alue f¼ 0. 4 3,

w hich w ould characteriz e D O P C , had b een noted earlier

(17 ). O ne conseq uence of this ob serv ation is that fusion of

such b ilay ers w ould hav e to take p lace v ia one large thermal

ex citation due to the lack of a metastab le stalk intermediate.

A s a conseq uence, the timescale for fusion w ould b e ex -

p ected to b e rather long, certainly longer than if the inter-

mediate w ere metastab le. T he results of F ig. 3 show that the

addition of hex agonal formers up to v olume fractions of

0. 17 eq ually in each leaf does not b ring ab out the ex istence

of a metastab le stalk.

T he free energies of fusion p ores for the same v olume

fractions of hex agonal formers are show n in dotted curv es.

W e take the b arrier to fusion to b e that v alue at w hich the free

energies of a hemifusion diap hragm and fusion p ore of the

same radius are eq ual. T he b ilay er is under a tension of

g/g0 ¼ 0. 1, w here g0 is the interfacial free energy p er unit

F IG U R E 3 E x cess free energies of fusion intermediates in the standard

model are show n at a tension of g/g0 ¼ 0. 1. S olid curv es indicate stalk/

hemifusion intermediates and dashed curv es fusion p ores. T he b ilay ers

consist of A B dib locks of tw o different lengths and architectures. T he fi rst

dib lock is describ ed b y N segments and f1 ¼ 0. 4 , and the second dib lock b y

ãN segments w ith ã2 ¼ 0: 8 5 and ã2ð1� f2Þ ¼ 0: 6 . F rom top to b ottom, the

v olume fractions of ty p e 2 dib locks in the b ilay ers are 0. 00, 0. 04 , 0. 11, and

0. 17 .

F IG U R E 2 (a) P arameteriz ation of the elongated stalk. T he shading

schematically show s the location of the hy drop hob ic segments in the p lane

of sy mmetry b etw een fusing b ilay ers. T he arc radius R corresp onds to the

radial distance to the outer hy drop hilic/hy drop hob ic interface in the p lane of

sy mmetry . V alues of the fractional arc angle, a, defi ned in the range [ 0,1] ,

are giv en at the top of each stalk confi guration. N ote that a ¼ 0 corresp onds

to the original stalk confi guration. (b) P arameteriz ation of the stalk-hole

comp lex . In the fi rst stalk-hole mechanism, there is a hole in one b ilay er and

the p rojection of its edge is show n w ith a dashed line. In the second stalk-

hole mechanism, there is a hole in each of the b ilay ers, and the dashed line

rep resents the p rojection of their edges. T he radius of the hole, or holes, is

R – d. T he hy drop hob ic thickness of the b ilay er is d. V alues of the fractional

arc angle, a, defi ned in the range [ 0,1] , are giv en at the top of each

confi guration.
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area between coexisting solutions of hydrophobic and hy-

drophilic hom opolym ers at the sam e tem perature. A t larger

v alues of the radius of the hem ifusion diaphragm than shown

in the fi gure, the free energy of the diaphragm decreases due

to the tension. O ne sees from F ig. 3 that the barrier to fusion

does indeed decrease with the addition of hexagonal form ers.

A s can be seen in the fi gure, this reduction com es about both

because of the reduction in energy of the fusion pore and of

the hem ifusion diaphragm . T he reduction in the pore energy

is due to the effect of the hexagonal form ers, which can go to

the sharp bend of the cis leaf existing in the pore. S im ilarly,

the reduction in the energy of the hem ifusion diaphragm is

due to the hexagonal form ers concentrating at the rim of the

diaphragm . T his is shown in F ig. 4. I n F ig. 4 a , the v olum e

fractions of the heads ( d ash e d l in e ) , and tails ( so l id l in e ) of

the hexagonal-form ing am phiphile far from the hem ifusion

diaphragm are shown as a function of z/Rg. I n F ig. 4 b , we

show the v olum e fractions of the hexagonal-form ing

am phiphile in a cut through the hem ifusion diaphragm itself

in the plane of refl ection sym m etry, the z ¼ 0 plane, as a

function of the radial coordinate, r/Rg. ( R ecall that such a

hem ifusion diaphragm is shown in F ig. 1 b.) O ne sees that

the diaphragm has an approxim ate radius of 5 Rg. A com -

parison of the plots in F ig. 1 , a and b , shows that the local

v olum e fraction of tails of the hexagonal form er at the di-

aphragm rim increases by ;20% , and that the local density

of heads of this am phiphile increases there by alm ost 50% .

T he barrier to fusion in the standard m echanism is shown

in the upper curv e of F ig. 5 as a function of concentration of

the hexagonal-form ing am phiphile. O ne sees that the depen-

dence is nonlinear. T he effect of the hexagonal-form ing

am phiphile in reducing the barrier to fusion is greatest when

this am phiphile is fi rst added, as it can go to the region where

it reliev es the m ost strain. A s m ore and m ore is added, its

ability to reduce the barrier to fusion is lessened.

T he barrier to fusion in the fi rst stalk -hole m echanism is

shown in the lower curv e. W e hav e assum ed a reasonable

energy of 4 kBT for the defects that appear at the end of the

elongated stalk partially surrounding a hole in one of the

bilayers. T hat the barrier to fusion is som ewhat lower in

the fi rst stalk -hole m echanism than in the standard one, and

is m uch less sensitiv e to the architecture than is the standard

m echanism for a system com posed prim arily of am phiphile

characteriz ed by f ¼ 0.4 could hav e been anticipated by the

results presented in F ig. 1 0 of K atsov et al. ( 1 3 ) . A s seen

there, for f ¼ 0.3 5, and g/g0 ¼ 0.1 , the barrier to fusion is

som ewhat lower in the fi rst stalk -hole m echanism than in the

standard m echanism , and the barrier in the latter v aries m ore

rapidly with architecture, f, than in the stalk -hole m echanism .

I n the upper panel of F ig. 6 , we com pare the fusion

barriers in the fi rst and second stalk m echanism s. T he form er

is shown in solid circles and the latter is shown in solid

F I G U R E 4 ( a) V olum e fractions, f2, of the headgroup, dashed line, and

tail, solid line, of the hexagonal-form ing am phiphile in the bilayers far from

the hem ifusion diaphragm are shown in a cut perpendicular to the bilayers as

a function of the dim ensionless v ertical coordinate z/Rg. ( b) T hese sam e

v olum e fractions are shown in the z ¼ 0 plane of sym m etry, which passes

through the hem ifusion diaphragm itself as a function of the dim ensionless

radial coordinate r/Rg. T he hem ifusion diaphragm has a radius of ;5 Rg.

F I G U R E 5 Barrier height of fusion process as a function of the v olum e

fraction of the hexagonal-form ing ( H I I ) am phiphile. T he upper curv e shows

the barrier heights in the standard stalk -hem ifusion m echanism . T he lower

curv e shows the barrier heights in the fi rst stalk -hole m echanism with a

defect energy of Fd ¼ 4 kBT.
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triangles. Defect energies are taken to be 4 kBT. O ne sees th at

th ere is not a great d eal of d ifference in th e energy barriers in

th e tw o m ech anism s. O ne also notes th at th e second stalk-

h ole m ech anism h as a low er energy th an th at of th e fi rst

w h en th e fraction of h ex agonal- form ing am p h ip h iles is low .

T h e situ ation is rev ersed as th e fraction increases. T h is is to

be ex p ected as th e second stalk- h ole interm ed iate consists of

p ortions of a fu sion p ore and of tw o h oles. Both of th ese

stru ctu res are d isfav ored by th e h ex agonal- form ing am p h i-

p h iles. O n th e oth er h and , th e fi rst stalk- h ole interm ed iate

consists of p ortions of a h em ifu sion d iap h ragm , and only one

h ole. T h e h em ifu sion d iap h ragm is fav ored by th e h ex ag-

onal- form ing am p h ip h iles.

T h e low er p anel of F ig. 6 illu strates th at th e barrier to

fu sion in th e stalk- h ole m ech anism is not v ery sensitiv e to

th e ch oice of d efect energy . T h e barrier h eigh ts are sh ow n

th ere for th e fi rst stalk- h ole m ech anism for th e case in w h ich

th e d efect energy is 4 kBT (o p e n c i r c l e s ) and in w h ich th e

d efect energy v anish es ( s o l i d c i r c l e s ) .

RESULTS FOR ASYMMETRIC BILAYERS

W e now consid er th e situ ation in w h ich th e com p ositions of

th e tw o d ifferent leav es of th e bilay er d iffer. I n p articu lar, w e

w ill fi x th e com p osition of th e h ex agonal- form ing lip id in th e

c i s leaf. T h e ov erall com p osition of lam ellar- and h ex agonal-

form ing am p h ip h iles in th e bilay er is still controlled by th e

activ ities z1, z2, and zs and th e incom p ressibility cond ition.

T h erefore w e w ant to calcu late th e ex cess free energy

dVasy m ðT;A; z1; z2; zs; n
cis
2 Þ, w h ere ncis2 is th e nu m ber of

h ex agonal- form ing am p h ip h iles in th e c i s leaf of th e bilay er:

n
cis

2
¼

1

a N v

Z
drf2ðrÞ ¼

1

a N v f 2

Z
drfA;2ðrÞ: (14)

T h e integral is ov er th e v olu m e of th e c i s leaf of th e bilay er.

I n th e second eq u ality , w e d eterm ine th e nu m ber of h ex agonal

form ers in th e c i s lay er by cou nting th e nu m ber of th eir

h ead grou p s, w h ich w ill be m ore conv enient. R ath er th an

calcu late th e free energy in an ensem ble in w h ich th e nu m ber

of h ex agonal- form ing lip id h ead s is fi x ed , it is far easier,

as u su al, to calcu late th e free energy in an ensem ble in w h ich a

local fi eld , h(r) , controls th e av erage local av erage v alu e of

fA,2(r ) , and th erefore of ncis2 . T h is ad d s to th e sy stem ’ s

internal energy a term of th e form

�
kBT

N v

Z
drhðrÞfA;2ðrÞ: (15 )

T h e fi eld h(r ) is taken to be non- z ero only in th e c i s leaf.

O u r ch oice is

hðrÞ ¼ hðz; rÞ ¼ h0 jzj# 0:6Rg and r$R1 0:6Rg;

¼ 0 oth erw ise
;

(16)

w ith R th e rad iu s of th e h em ifu sion d iap h ragm d efi ned

p rev iou sly (17 ) . T h e fi eld is non- z ero only in th e region

sh ow n in F ig. 7 . F rom th e cou p ling term of E q . 15 , one sees

th at th e greater th e strength of th e fi eld , h0, th e larger w ill be

th e v olu m e fraction of th e h ex agonal form ers in th e c i s lay er.

O nce th e ex cess free energy of th is asy m m etric sy stem ,

dṼ
asy m

ðT;A; z1; z2; zs; h0Þ, is obtained , d ifferentiation of it

F I G U R E 6 (a) C om p arison of th e barrier to fu sion in th e fi rst (s o l i d

c i r c l e s ) and second (s o l i d t r i ang l e s ) stalk- h ole m ech anism s as a fu nction

of v olu m e fraction of h ex agonal- form ing (H I I ) am p h ip h ile. (b) C om p arison

of barrier to fu sion in th e fi rst stalk- h ole m ech anism w ith d efect energy of

4 kBT (o p e n c i r c l e s ) and v anish ing d efect energy (s o l i d c i r c l e s ) .

F I G U R E 7 Density p rofi le of a fu sion p ore. T h e region w h ere ex ternal

fi eld s are ap p lied to m aintain asy m m etry is m arked by sh ad ed areas on th e

d ensity p lot of sm all h ead grou p s. W h ite regions ind icate th e areas w h ere

sm all h ead grou p s are concentrated and th e gray regions th e areas in w h ich

th eir concentration is strongly red u ced .
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with respect to the field strength h0 y ields fA, 2(r). T he

nu m b er of hex a gona l f orm ers in the c i s la y er,

ncis2 ðT;A; z1; z2; zs; h0Þ, is then ob ta ined b y integra tion of

this q u a ntity , Eq . 14 . T he v a lu e of the field strength h0 ca n

then b e a dj u sted to ob ta in the desired concentra tion of

hex a gona l f orm ers in the c i s la y er.

T he ex cess f ree energy is ob ta ined b y a sim ple ex tension

of the procedu re em ploy ed to determ ine tha t of the

sy m m etric b ila y er. W e ob ta in dV~
a sy m

ðT;A; z1; z2; zs; h0Þ,

Nv

kET
dV~

a sy m

¼�z1Q1ðT; ½wA;wB � Þ � z2Q2ðT; ½wA�h;wB � Þ

� zsQsðT; ½wA � Þ1

Z
dr½xNfAðrÞfBðrÞ�wAðrÞfAðrÞ

�wBðrÞfBðrÞ� jðrÞð1�fAðrÞ�fBðrÞÞ� : (17 )

T he self - consistent eq u a tions, Eq s. 4 – 8 , a re u na f f ected.

Aga in, the f ree energy in the self - consistent field a pprox i-

m a tion is ob ta ined b y su b stitu ting the f u nctions tha t sa tisf y

the self - consistent eq u a tions into the f ree energy of Eq . 17

with the resu lt

Nv

kBT
dV~

a sy m

scf
¼� z1Q1ðT; ½wA;wB � Þ � z2Q2ðT; ½wA�h;wB � Þ

� zsQsðT; ½wA � Þ �

Z
drxNfAðrÞfBðrÞ: (18 )

T he desired f ree energy , dV
a sy m
scf ðT;A; z1; z2; zs; n

cis
2 Þ, is now

ob ta ined b y a L egendre tra nsf orm

Nv

kBT
dV

a sy m

scf
ðT;A;z1;z2;zs;n

cis

2
Þ ¼

Nv

kBT
dṼ

a sy m

scf
ðT;A;z1;z2;zs;h0Þ

1

Z
drhðrÞfA;2ðrÞ; (19 )

so tha t

Nv

kBT
dV

a sy m

scf
¼�z1Q1ðT; ½wA;wB � Þ � z2Q2ðT; ½wA�h;wB � Þ

� zsQsðT; ½wA � Þ

1

Z
dr½hðrÞfA;2ðrÞ�xNfAðrÞfBðrÞ� : (20)

Beca u se the sy stem is constra ined to ha v e a dif f erent

concentra tion of hex a gona l f orm ers in the c i s lea f tha n in the

t r a ns lea f , its f ree energy will clea rly b e grea ter tha n if it were

not so constra ined. T his is a lso tru e of the f ree energies of the

v a riou s interm edia tes, lik e the sta lk , hem if u sion dia phra gm ,

a nd pore. F or the f u sion process, howev er, we a re interested

in dif f erences in f ree energies b etween the interm edia tes a nd

the fl a t b ila y ers, a nd these dif f erences ca n certa inly b e less in

the constra ined sy stem .

Standard mechanism

T he ca lcu la tions f or the sta nda rd m echa nism a re rela tiv ely

stra ightf orwa rd du e to the a x ia l a nd refl ection sy m m etry of

the sta lk , the hem if u sion dia phra gm , a nd the pore.

I n F ig. 8 we show resu lts f or a b ila y er u nder a tension g/

g0¼ 0. 1 com posed of the la m ella r- f orm er com prising a f ra c-

tion f1 ¼ 0. 6 50 of the b ila y er b y v olu m e, a nd the hex a gona l

f orm er com prising a f ra ction f2 ¼ 0. 3 50 b y v olu m e. R esu lts

a re presented f or the ex cess f ree energy of the hem if u sion

dia phra gm ( s o l i d l i ne s ) a nd of the f u sion pores (da s he d l i ne s )

f or dif f erent v olu m e f ra ctions in the c i s lea f of the hex a gona l-

f orm ing a m phiphile. I n the u pper set of cu rv es, there is no

a sy m m etry , so tha t the v olu m e f ra ction of hex a gona l f orm er

in the c i s lea f , fcis
2 ¼ 0: 3 50, is the sa m e a s in the whole

b ila y er. I n the m iddle cu rv e, the v olu m e f ra ction of the

hex a gona l- f orm er in the c i s lea f ha s b een increa sed to

fcis
2 ¼ 0: 3 9 5. I ts v olu m e f ra ction in the t r a ns lea f is

concom ita ntly redu ced to ftra ns
2 ¼ 0: 3 05, a nd the v olu m e

f ra ctions of the la m ella r f orm er in the c i s a nd t r a ns lea v es a re

0. 6 05 a nd 0. 6 9 5, respectiv ely . I n the lowest cu rv e, we ha v e

set fcis
2 ¼ 0: 4 3 1, so tha t ftra ns

2 ¼ 0:26 9 , a nd the v olu m e

f ra ctions of the la m ella r f orm er in the c i s a nd t r a ns lea v es a re

0. 56 9 a nd 0. 7 3 1. T he b a rrier to f u sion is redu ced f rom 11

kBT to 8 . 5 kBT, to 5 kBT, a s the a sy m m etry increa ses. F or the

la rgest a sy m m etry shown, the b a rrier to f u sion is essentia lly

no grea ter tha n the b a rrier to f orm a tion of the initia l sta lk

itself . F u rtherm ore f or this a sy m m etry , the interm edia te sta lk

is fina lly a m eta sta b le stru ctu re. As noted ea rlier, this ha s

a la rge ef f ect on the tim esca le of f u sion b y perm itting the

process to occu r in two sta ges ra ther tha n one.

F I G U R E 8 Ex cess f ree energies of sta nda rd f u sion interm edia tes f or

b ila y ers of the sa m e ov era ll com position, b u t with v a ry ing tra nsb ila y er

distrib u tions u nder g/g0 ¼ 0. 1 tension. T he b ila y ers here conta in 6 5%

la m ella r- f orm ing dib lock a nd 3 5% hex a gona l- f orm ing dib lock . T he solid

cu rv es represent ex cess f ree energies of sta lk /hem if u sion dia phra gm a nd the

da shed cu rv es ex cess f ree energies of f u sion pores. I n the u pper set of

cu rv es, there is no a sy m m etry , so tha t the v olu m e f ra ction of hex a gona l

f orm er in the c i s lea f , fcis
2 ¼ 0: 3 50, is the sa m e a s in the whole b ila y er. I n the

m iddle cu rv e, the v olu m e f ra ction of the hex a gona l f orm er in the c i s lea f , ha s

b een increa sed to fcis
2 ¼ 0: 3 9 5. I n the lowest cu rv e, we ha v e set

fcis
2 ¼ 0: 4 3 1. T he b a rrier to f u sion is redu ced f rom 11 kBT to 8 . 5 kBT, to

5 kBT a s the a sy m m etry increa ses.
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Stalk-hole mechanism

We have calculated the barrier to fusion between asymmetric

bilayers in the second stalk - hole mechanism. We have

chosen this p ath, rather than the fi rst stalk - hole mechanism,

because the latter involves the calculation of the free energ y

of a hole in an asymmetric bilayer, and of a hemifusion

diap hrag m, which consists of the cis and t r an s layer of one of

the orig inal bilayers. A s the bilayer is not symmetric, neither

is the hemifusion diap hrag m, and this lack of symmetry

about the x, y p lane mak es the calculation rather slow. T he

second stalk - hole mechanism does not involve this asym-

metric hemifusion diap hrag m, althoug h it still involves holes

in asymmetric bilayers. T he calculation of the energ ies in this

p athway is more rap id. We have already shown that there is

not a g reat deal of difference in the barrier energ ies in the two

p athways in symmetric bilayers, F ig . 6 a, and assume that the

same is true with asymmetric bilayers. I f anything , we will

overestimate the fusion barrier of the stalk - hole mechanism

because, as we add hex ag onal formers, the barrier in the

second stalk - hole p athway we calculate will p robably be-

come somewhat larg er than that in the fi rst p athway, j ust as it

is in the symmetric bilayer case, F ig . 6 a.

O ur results for the barrier to fusion of asymmetric bilayers

within the second stalk - hole mechanism are shown in F ig . 9 .

We have calculated them for bilayers in which the averag e

volume fraction of hex ag onal formers in the entire bilayer is

k ep t fi x ed at f2 ¼ 0.3 5 0, while the fraction of hex ag onal

formers in the cis layer, fcis
2 , tak es the values fcis

2 ¼ 0: 3 5 0

( i.e., no asymmetry) , fcis
2 ¼ 0:3 9 5 , and fcis

2 ¼ 0:4 3 1. T he

barrier to fusion for this second stalk - hole p athway is shown

by the triang les. T he values of a at the saddle p oint in the

fusion p athway are a ¼ 0.07 3 for fcis
2 ¼ 0: 3 5 0, a ¼ 0.17 4

when fcis
2 ¼ 0:3 9 5 , and a ¼ 0.18 when fcis

2 ¼ 0:4 3 1. T hese

barriers to fusion are comp ared to those calculated in the

standard mechanism and shown in sq uares. T hese values

were shown p reviously in F ig . 8 . F inally, we also comp are

them with the free energ ies of the stalk , shown in circles.

We note that the small values of a in the stalk - hole

mechanism imp ly that the stalk does not have to elong ate

very much to nucleate the formation of the two holes which,

when surrounded by the stalk , will become the fusion p ore.

( We recall that in surrounding the holes, the energ y of the

system is reduced as the line tensions of the bare holes are

rep laced by the lower line tension of a hole nex t to a stalk

( 13 ) .) H ole formation is enhanced, and the barrier to fusion

reduced, because the maj ority amp hip hile, f1 ¼ 0.6 5 , is a

lamellar- former with f¼ 0.4 . F urthermore, the actual volume

fraction of the lamellar former near the rim of a hole will be

larg er than this because the amp hip hiles are free to move

within a leaf to that reg ion where they will reduce the energ y

most. T he increase of a with the fraction of hex ag onal for-

mers in the cis leaf is readily understood. A s the fraction of

hex ag onal former in the cis leaf increases, the energ y of a

p ore decreases, as noted p reviously. I t follows from E q . 13

that a, the fraction of the stalk - hole intermediate that re-

sembles a p ore, will increase.

D I SC U SSI O N

We have emp loyed a model of a mix ture of two

amp hip hiles— one that is a lamellar former, the other a

hex ag onal former. T he ratio of their hydrop hilic p art to the

entire molecule was chosen so that the fi rst resembles D O P C

and the latter resembles D O P E . T he two have the same hy-

drop hobic, but different hydrop hilic, volumes. We have solved

the model within self- consistent fi eld theory.

We fi rst considered bilayers whose leaves have identical

comp ositions, and added hex ag onal formers to each leaf

eq ually. We ex amined the effect of this addition on the

barrier to fusion as calculated in the standard mechanism,

and the fi rst and second stalk - hole mechanisms. We noted

that the stalk was not a metastable intermediate in these

systems in which D O P C - lik e amp hip hiles were the dominant

constituent. N onetheless, we considered the barrier energ y

and found it to be reduced sig nifi cantly in the standard

mechanism from ;24 kBT with no hex ag onal- formers to

;11 kBT with a volume fraction of 0.3 5 hex ag onal formers.

T his is seen in F ig s. 5 and 9 . A s noted earlier ( 17 ) , we ex p ect

that the energ ies in biolog ical, lip id, membranes are hig her

by a factor of ;2.5 than in the block cop olymer membranes

we are considering . T hus the above barrier values would

corresp ond to one of 6 0 kBT being reduced to 28 kBT. T he

reduction in the fusion barrier of the standard mechanism

is due to a reduction in the energ y of the hemifusion

intermediate, p artly because the averag e number of hex ag -

onal formers has increased ( 16 ) , and p artly because the

hex ag onal- forming amp hip hiles p referentially g o to the edg e

F I G U R E 9 C omp arison of the barrier to fusion of asymmetric bilayers

containing an averag e volume fraction of hex ag onal formers of f2 ¼ 0.3 5 as

calculated along the standard p athway ( sq u ar e s) and the second stalk - hole

p athway ( t r ian g l e s) for three different volume fractions of hex ag onal

formers in the cis layer; fcis
2 ¼ 0: 3 5 0, 0.3 9 5 , 0.4 3 1. A lso shown is the free

energ y of a stalk ( cir cl e s) in the same systems.
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of the hemifusion diaphragm, as seen in Fig. 4. Fig. 5 shows

that the greatest rate of dec rease c omes ab out when the

hex agonal formers are fi rst added to the pure b il ay er of

l amel l ar formers. T his rapid dec rease oc c urs b ec ause the

hex agonal formers go to the regions where they c an most

readil y reduc e the free energy . T he distrib ution of the

different amphiphil es is not spatial l y uniform when there are

fusion intermediates. T he reduc tion of the b arrier energy in

the stal k - hol e mec hanism is more modest, b ut is not insig-

nifi c ant. I n the sec ond stal k - hol e mec hanism, it is reduc ed

from 8 .3 kBTwhen there are no hex agonal - formers to 6 .8 kBT

with a v ol ume frac tion of 0.3 50 hex agonal - formers. A gain

this woul d c orrespond to a reduc tion from 21 kBT to 1 7 kBT

in a b iol ogic al sy stem.

W e then ex amined the effec t on the b arrier to fusion of an

uneq ual distrib ution of hex agonal and l amel l ar formers in the

two l eav es. W e c onsidered a sy stem in whic h the hex agonal

formers mak e up a v ol ume frac tion of 0.3 50 of the whol e

sy stem, muc h as they do in human red b l ood c el l memb ranes.

T his b rings ab out a further signifi c ant reduc tion in the b arrier

to fusion in b oth mec hanisms. I n the standard mec hanism,

this is due to the reduc tion in energy of the hemifusion

diaphragm, whil e in the stal k - hol e mec hanism it is due

primaril y to the reduc tion in energy of the el ongated stal k .

T he energy of the initial stal k itsel f is not affec ted v ery

muc h either b y the addition of hex agonal formers to eac h l eaf

eq ual l y , as seen in Fig. 3 , or b y the redistrib ution of the

hex agonal formers b etween the two l eav es, as seen in Fig. 9 .

T he former resul t is in c ontrast to the predic tion of phe-

nomenol ogic al theories of a sensitiv e dependenc e upon the

amount of hex agonal formers ( 1 6 ) . W hil e the ab sol ute en-

ergy is l ittl e affec ted b y the addition of hex agonal formers,

we found that their asy mmetric distrib ution c aused the stal k

to b ec ome a metastab l e intermediate, whic h woul d al l ow

fusion to b ec ome a two- step, rather than one- step, thermal l y

ac tiv ated proc ess.

C ertainl y the most important resul t of our c al c ul ation is the

fol l owing: al though the fusion proc ess remains one with two

b arriers, one due to stal k formation and another that depends

upon the spec ifi c mec hanism, the sec ond b arrier is rapidl y

reduc ed b y the addition of hex agonal former of greater ab un-

danc e in the c i s l ay er to a v al ue c omparab l e to that of the initial

stal k itsel f. A s emphasiz ed earl ier, the c al c ul ated energy of

the stal k is rather smal l , ;5 kBT in our c opol y mer sy stem,

c orresponding to 1 3 kBT in a b iol ogic al memb rane.

W e note that the v ol ume frac tion of hex agonal former in

the c i s l eaf at whic h the two b arriers b ec ome approx imatel y

eq ual oc c urs in our model at a v al ue of ;f c is
2 ;0:43 . T he

av erage frac tion of hex agonal formers in the b il ay er is 0.3 5.

U nder the assumption of eq ual mol ec ul ar weights for the A

and B c omponents of the dib l oc k , these v ol ume frac tions

c orrespond to a mol e frac tion of 0.47 in the c i s l eaf of a

b il ay er whose av erage mol e frac tion is 0.3 9 . A gain, the mol e

frac tions of hex agonal formers in the memb rane of human

red b l ood c el l s are ;0.54 in the c i s l eaf and 0.3 5 when

av eraged ov er b oth l eav es of the b il ay er. T hus eq ual ity of the

two b arriers oc c urs in our model at a somewhat smal l er

asy mmetry b etween l eav es than oc c urs in red b l ood c el l mem-

b ranes. A s the asy mmetry inc reases, the sec ond b arrier to

fusion c ontinues to dec rease and ev entual l y b ec omes negativ e.

W hen this oc c urs in a b il ay er under z ero surfac e tension, the

b il ay er is unstab l e. I n the sy stem shown in Fig. 9 , this insta-

b il ity oc c urs at a mol e frac tion of hex agonal former in the c i s

l ay er of ;0.50.

W e ex amined b oth the standard, hemifusion diaphragm

pathway to fusion, and the more rec entl y proposed stal k - hol e

pathway . I n the sy stem with the mix ture of l amel l ar and

hex agonal formers simil ar to that of red- b l ood c el l mem-

b ranes, we found that the b arriers to fusion in the two

mec hanisms did not differ greatl y , with those in the new

mec hanism b eing sl ightl y l ower. T his woul d indic ate that

fusion c oul d proc eed b y either pathway . I n the standard

mec hanism, fusion is nonl eak y . I n the stal k - hol e mec hanism

it c an b e l eak y . T he smal l v al ues of a, the frac tion of hol e

surrounded b y the stal k when fusion oc c urs, whic h were

ob tained in the prec eding sec tion c ertainl y woul d b ol ster the

possib il ity of l eak age. H owev er, as E astman et al . ( 21 )

al ready noted, ev en though fusion b etween model mem-

b ranes is general l y l eak y , ‘ ‘ . . .sy stems ex hib iting asy mmet-

ric transb il ay er distrib utions of l ipid c l earl y hav e the

potential to b e sel f- regul ating and possib l y to ex hib it l eak -

tight fusion. . . . I t wil l b e of partic ul ar interest to determine

the l eak iness of fusion ev ents in suc h sy stems.’ ’ T his work

strongl y reinforc es that ob serv ation.

O ur resul ts predic t that the rate of fusion in asy mmetric

sy stems depends nonl inearl y on the v ol ume frac tion of hex -

agonal formers in the c i s l ay er. T his resul ts from at l east two

effec ts. First, ev en l inear c hanges of energy b arriers with

v ol ume frac tion of hex agonal former transl ate into nonl inear

c hanges of fusion rates b ec ause fusion is a thermal l y ac tiv ated

proc ess. T his nonl inear b ehav ior is in ac c ord with the resul ts

of E astman et al . ( 21 ) . S ec ond we found in our sy stem re-

semb l ing D O P C , D O P E mix tures with a fi x ed av erage c om-

position that the stal k intermediate b ec ame metastab l e onl y

when the asy mmetry attained a c ertain minimum v al ue. A t

that point, the fusion rate is ex pec ted to inc rease signifi c antl y .

T o reiterate, our maj or resul t is that the two b arriers to

fusion are c omparab l e and smal l for an amount of hex agonal

former found in the c i s l ay er, whic h does not differ greatl y

from that found in red b l ood c el l memb ranes. O ne important

impl ic ation of this resul t is that fusion shoul d proc eed readil y

onc e ex ternal sourc es hav e b rought the memb ranes suffi -

c ientl y c l ose to initiate the proc ess. O ur resul ts hav e b een

ob tained b y ex amining pl anar b il ay ers, and for the study of

the fusion of endoc y totic v esic l es with the pl asma mem-

b rane, the l arge c urv ature of the v esic l es shoul d prob ab l y b e

tak en into ac c ount ( 3 6 ,3 7 ) , something that c an b e done

within the sel f- c onsistent fi el d theory we hav e empl oy ed.

H owev er, it is k nown that suc h a c urv ature onl y enhanc es the

fusion rate ( 3 8 ) , and so the proc ess shoul d again proc eed
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readily once vesicle and membrane are brought to an

op timum distance.

T he observation that f usion should p roceed q uick ly once

the membranes are brought suf fi ciently close naturally leads

to the q uestion of how the energies of f usion intermediates

dep end up on the distance betw een the tw o tense membranes,

w hich might f use. T his is an issue w e shall address in a later

p ublication.

W e are gratef ul to K irill K atsov f or usef ul corresp ondence.
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