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Unbinding transitions and phase separation of multicomponent membranes

Thomas R. Weikl, Roland R. Netz, and Reinhard Lipowsky
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Multicomponent membranes in contact with another surface or wall are studied by a variety of theoretical
methods and Monte Carlo simulations. The membranes contain adhesion molecules which are attracted to the
wall and, thus, act as local stickers. It is shown that this system undergoes lateral phase separation leading to
discontinuous unbinding transitions if the adhesion molecules are larger than the nonadhesive membrane
components. This process is driven by an effective line tension which depends on the size of the stickers and
arises from the interplay of shape fluctuations and sticker clusters.

PACS numbds): 87.16.Dg, 64.75t-g, 83.70.Hq

Biomembranes contain a large number of different com-components. In such a situation, the membrane is found to
ponents, lipids, and membrane proteins, which are organizeandergo lateral phase separation and, thus, discontinuous
in a rather complex fashion. Various aspects of this selfunbinding transitions even if the cis-interactions between the
organization can be studied in biomimetic systems such astickers are purely repulsivahis is illustrated in Figs. (&)
multicomponent bilayers. One such aspect is the interplay ofind Xb) which display typical configurations of the adhesion
membrane composition and shape; for a review[$geAn-  molecules as observed in Monte CafMC) simulations. In
other aspect is the interplay of membrane composition anthese two figures, the adhesion molecules cover the same
adhesion which will be addressed here. area as X 2 and 3x 3 nonadhesive molecules, respectively.

A multicomponent membrane represents a two-As explained further below, this behavior can be understood
dimensional system which can undergo lateral phase separt-terms of areffective line tension arising from the interplay
tion and, thus, exhibit coexistence regions of several thermdsetween shape fluctuations of the membrane and cluster for-
dynamic phasef2]. Since biomembranes are maintained inmation of the stickers
their fluid state by sterols such as cholesterol or by unsatur- Some model systems consisting of lipid membranes and
ated bonds in the lipid chains, we will study multicomponentsticker molecules have been investigated experimentally; ex-
membranes which exhibit several fluid phases. Examples a@mnples argi) membranes containing cationic lipids in con-
provided by several mixtures such as dielaidoyl PC and ditact with a negatively charged surfag®l], and (i) mem-
palmitoyl PE[3], phospholipid and cholesterpi—7], and  branes with biotinylated lipids which are bound to another
palmitoyl oleyl phoshatidy! serinlPOPS and didodecenoyl biotinylated surface via streptavidii2]. In both systems,
PCI8]. lateral phase separation has been observed. In addition, the

The adhesion of biomembranes, which is responsible fordhesion of neurons to stepped surfaces has also been stud-
cell-cell adhesion and for many cell signaling processes, i#d quite recently{13]. In this latter case, the contact area
governed by the interplay of generic repulsive forces andppears to be rather flat, a situation which presumably indi-
specific attractive forces. The latter forces are mediated bgates that the membrane experiences a relatively large lateral
adhesion moleculegcell-cell adhesion or receptor and tension. In the following, we will focus on the case where the
ligand pairs(cell signaling which represent anchored mem- membranes are essentially tensionless in order to eliminate
brane proteins and which play the role of local stickers. Weone parameter from the problem. However, the underlying
will mimic this situation by multicomponent membranes line tension mechanism, which we explain next, is general
with one adhesive component which is attracted towards arand also effective for membranes under lateral tension.
other surface or “wall.” In general, the adhesive behavior is In order to understand the behavior shown in Figs) 1
now determined by the interplay @f) trans-interactions, as and Xb), let us consider an arbitrary shape of the adhering
mediated by the stickers between the two surfaces, afit)of membrane, and let us divide the membrane surface into two
cis-interactions between two stickers anchored to the samgypes of domains(i) “Bound domains” corresponding to all
membrane. This interplay was recently studiedLO] in the =~ membrane segments with a separation from the wall which is
framework of theoretical models, which describe both thesmaller than the potential rande of the attractive sticker
membrane shape and the local membrane composition, anddotential, andii) “Unbound domains” corresponding to all
was shown that small stickers with purely repulsive cis-membrane segments which have a separation which exceeds
interactions lead to a continuous unbinding transition without, . These two types of domains are separated by “domain
lateral phase separation. boundaries,” where the membrane-wall separation is equal

In this Rapid Communication, we report some surprisingto |,,. The membrane surface consisting of these two types of
changes in the membrane behavior as soon as the size of tHemains is now decorated with stickers. Obviously, in order
adhesion molecules exceeds the size of the other nonadh® gain more adhesive energy one has to place more stickers
sive membrane components. Such size differences are rghto the bound domains.
evant for biomembranes since the adhesive membrane pro- If these stickers have the same size as the nonadhesive
teins are indeed large compared to the various lipidnolecules, the maximal adhesive energy, which one can ob-
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uw FIG. 2. Typical Monte Carlo configuration of an adhering mem-
brane with IxX 1 stickers. Bound stickers are black, unbound stick-
ers grey, and nonadhesive molecules are white. Bound stickers have
3 = some tendency to cluster but the membrane da¢phase separate

in the absence of attractiv@s-interactions.

; with anchored stickers in contact with a wall or substrate
= must include a field for the local separation between the
membrane and the wall and a concentration fieldf the
stickers. It is convenient to discretize the space into a two-
dimensional square lattice with lattice constardand lattice
sitesi. The sticker positions can then be described by occu-
pation numbers;=0,1 and the membrane separation Iby
=1;=0. In terms of these variables, the grand canonical
Hamiltonian has the general form
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H{L}=He{l} + 22 mEVi() — w]+ 2 Wyning, (1)
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where(ij) indicates a summation over all pairs of lattice
sites withi#j. For an oriented membrane the elastic term
has the formHg=2;(x/2a%)(Agl;)? with Agli=Aglyy
=lyrayTlx—aytlxyratlxy-a—4lxy. The potentiaV;(l)
represents the adhesion potential of an individual sticker at
lattice sitei, the parameteu is the chemical potential for the
stickers andW;; the cis-interaction energy between two
stickers at site$ andj.

In the case of X1 stickers with the size of one lattice
R non . : site, we consider the square-well adhesion potential
(b) I N Vi(h=V(y)=ual,—1;) 2

FIG. 1. Multicomponent membranes with stickéiotack) which  \yith 6(x) =0 for x<0 andé(x) =1 for x=0, which is char-

exceed the size of the nonadhesive molecttetsite): Both (8) 2 4terized by the binding enerdy<0 and the potential range
X 2 stickers andb) 3X 3 stickers phase separate within the adher-| Such a potential applies, e.g., to lipids with sticky head-

g mgmb_ra_ne even though these stickers do not experience a'gfoups. Thecis-interactions are taken to be zero for all lattice
attractivecis-interactions. . . . . . .
sites i and j. By introducing the rescaled fieldz

tain in this way, depends only on the total area of the bound=(1/a)V«/T, the number of parameters can be reduced to
domains but is independefit of the number of bound do- the dimensionless quantiti&/ T, /T, and the rescaled po-
mains and(ii) of the shape of these domains. In contrast, iftential rangez,=(l,/a) JKIT.
we cover the area of the bound domains v@istickers and In Fig. 2, we see a snapshot from a Monte C4NC)
Q>1, many of these stickers will sit on the domain bound-simulation. Bound stickers are black, unbound stickers gray.
aries and thus will not contribute to the adhesive energy irEven in the absence of attractiges-interactionsW;; , bound
the same way as those in the interior of the bound domainstickers have a tendency to form small clusters arising from
Therefore, the boundaries between the bound and unbouradtractive entropic interactions induced by membrane fluc-
domains are characterized by an effective line tension whickuations. For an isolated pair of bound stickers, the strength
favors the aggregation of the bound domains, i.e., phasef this interaction has been estimated in Rgf4]. For a
separation provided one hgs>1. correct treatment of our multisticker system, where screening

A systematic theory for a multicomponent membraneeffects and/or many-sticker interactions are important, we
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B 1 |U|3 5 phase separation in the multicomponent membranéer
0.8 T 4 (b) =0 in agreement with Ref9].
0.6 3 bound Now, let us consider stickers which occuylattice sites.
0a i » In general, the shape of these stickers may vary but we will
0‘2 1 | focus on the simplest shape corresponding to “square”
CpeE (a) stickers with linear dimensio’Q. We study two adhesion
0 . .
0051152253354 0 02 04 0.6 08 1 potentials, thesumpotential
|u a’X Q
FIG. 3. (a) Contact probability?;, of ahomogeneousiembrane Vilh=V(lia, ... lig)= Uq§=:1 (1, —1iq), (6)

as a function of the deptju| of the square-well potential for the
rescaled potential ranges=1, 0.5, 0.3, and 0.ffrom left to righy;
(b) Reduced potential depth) |/ T vs sticker concentratioX for the
continuous unbinding transitions wij=1, 0.5, 0.3, and 0.1bot-
tom to top.

where{(i,1), ...,(,Q)} denotes quadratic arrays Qf=2
X2 or 3X 3 lattice sites, and thproductpotential

Q
first sum out the sticker degrees of freedom. The partition Vilh=V(iy, ... a'i,Q):QUqll 0.~ lig). )

function Z then has the exact form
which is equal toQU if I; 4<I, for all g and vanishes oth-

i {'}+E VT erwise. Ascis-interactions, we now take hard-square interac-
g [Hel — VeI, (3 tions, i.e.,

2o

11 fmdli

i 0

L —o0 i Q i
with Z,=1+e“T and an effective potentialV(l;) Wij= for j in A andzero otherwise, (&)

=—TIn[(Q+e#VIM)/(1+e4T)], where N denotes the . o
number of lattice sites. The effective potentidl(l;) is where A? denotes the exclusion area of an individual

a square-well potential with rangel, and depth Q-sticker at lattice siteé[17]. Stickers with the sum potential
Tu=—TIn[(1+e# YTy(1+eT]. Apart frlé)m the prefac- (6) and(_:is-intergction(S) corre_spon_q to quadrat_ic clu_sters of
tor, the partition functior(3) now depends only on two pa- 1x1 s_tlckers since each lattice siteq) of.a sticker inter-
rameters, the dimensionless potential depthnd the res- acts with the wall via a square-well potential of t.het fof2)
caled potential range, = (I, /a) Jx/T T_he .product poten_ﬂeﬂ?) can be seen as a restrlctlop of the
The free energy per unli}t ardee —.(T/A)InZ can be ob- binding conformation of large sticker molecules which only
tained from the contact probabilitR,=(6(z,—2z)) since adhere to the wall if the sticker molecule has m&éocal

: contacts.
NPb._ —dlnZ/4u. The expectation vaIL_Jéa(zv_— Z‘» can It is instructive to ignore the hard-square interact{@
be directly determined from the MC simulations; see Flg.for a moment and to study a Hamiltonian which is again
3(a), and represents the fraction of bound membrane Sedine

ts i b 'S vtk Th bindi ar in the concentration field. For the product potential
ments, 1.€., membrane segments vas z, . 1he unbinding (7), a summation of the sticker degrees of freedom then

tential i " §15. S P (U | t0 th Oeigain leads to an effective two-state membrane potential,
crcal potentil deptu, . we deierminas, by Imear ex.  "ich can be uriten avt'() ~Uglya, 1) ith Us,
P P x DY =~ TIn[(1+e# UT)(1+e4T)]=Tuy. MC simulations of

trapolation toP,=0, where the correlation length and relax- : : ; ;

ation time of the simulations diverge. The free energy is thenho_mogeneous mer_nbranes .V\."th this gffectlve potential Sh.OW

given by ' fiﬂrst order unbinding transition. In thls_case, we can e_xphc-
itly calculate the effective line tension discussed in the intro-

T T ru duction. Indeed, a quadratic cluster consistingygﬂQ stick-

F=——In[1+e*T]+F _f *du'pb(u/)’ (4)  ers leads to a bound membrane segment of linear Isize
a® a?Ju =L,+Q—-1 and, thus, to a potential energgU(L—-Q

+1)?, which involves the line tensioh =Q|U[2(Q—1).

whereF,, denotes the free energy of the unbound membranélote that A=0 for Q=1. The sticker concentratioiX

associated with the shape fluctuati¢as]. The sticker con-  =(n;)/a? is now given by

centrationX= — (dF/du)=(n;) then follows as

e,u/T e[,u*QU]/T

1
1 eM/T e[M_U]/T X= - (1_ PQb)
X==|(1-Py) +P .5 a 1

a “lred T PqelemuiT

(€)

+P ,
LerT QP L alk—QuUIT

with Pop=(I1460(l,—1; 4)). For Q=1, we recover formula
At the continuous unbinding point, the contact probabitty  (5) with the contact probability?,=P,,. The phase dia-
vanishes and the chemical potentig] is determined by the grams can be obtained from MC results for the generalized
equationu, =u(u, ). Figure 3b) shows the resulting un- contact probabilityPq,, of the bound phase. In Fig(&, we
binding lines in the 42X,|U|/T) plane for several values of display the coexistence lines in tha?¥,|U|/T)—plane for
z,. At low sticker concentratiorX or low binding energy Q=2X2 andz,=0.1. The sticker-poor phase for smalkér
|U], the membrane is unbound. Note that there is no laterak unbound withPq,=0.
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product potential sum potential interactions, the phase separation is caused only by
|U|2.5 - T fluctuation-induced forces. In the case of stickers with the
) * 9-phase * =(b) sum potential, as in Fig. (), the unbinding transition is
L5t " DOSE. continuous for binding energigt)|/T<2. The phase dia-
’ by e . grams of 2<2 stickers with sum potential, shown in Fig.
L o e 4(b), and product potential as in Fig(c} agree at high val-
05¢ e bound ues of|U| within the numerical accuracy since the majority
ol unbound (Lunbound — ~** 4 of 2x2 stickers with the sum potential is then bound at all
U] 5% o L4 " four Iamce snes,_thus resembllngl stickers W|_th the product
T ab 9 12b = X pqtenﬂal. The width of phe coexistence regions decreases
§ iphase T8 o nd Th o e = 3x3 with increasingz, [see Fig. 4d)] as fluctuation effects be-
g . 08l o+ =  pound come weaker. At high concentratiois>0.8/&2, the phase
2t MR 0.68 o = behavior is complicated by the packing transition of
1L unbound  * %%, 0.47% - = the hard-square lattice g&%8,19 which is not considered
0 ((‘) 0.2 89 phase-, . ”’*_H_(d) here[20].

In summary, both the adhesion and the phase behavior of
multicomponent membranes is strongly affected by the rela-
tive size of the adhesive and the nonadhesive molecules. Ad-

FIG. 4. (Left column: Phase diagrams for quadratic stickers hesion molecules which occupy an area@fnonadhesive
with product potential (7), size Q=2X2, and rescaled potential membrane components ledi) to phase separation within
rangez,=0.1; (a) without and(c) with the hard-square interaction the adhering membrane, afié) to discontinuous unbinding
(8). (Right column): Phase diagrams for stickers weimpotential  transitions as shown explicitly fo=4 andQ=9. For Q
(6), hard-square interaction, sixg=2x2 (blac_k diamondyg ar_1d =1, on the other hand, there is no phase separdiiothe
Q=3X3 (grey squaresat the rescaled potential rangg=0.1in  ghsence of attractiveis-interactions as studied hgrend the
(b) and the reduced potential depit|/T=5 in (d). The sticker - resnonding unbinding transitions are continuous. These
concentrationX is defined in the text, explicit results imply that the membrane behavior is changed

as soon as the sticker sigg exceeds a threshold valg.

Now we come back to the hard-square interactiBp  with 1<Q.<4. In addition, our general arguments about the
Figures 4b) to 4(d) show phase diagrams from MC simula- effective line tension arising from the interplay of shape fluc-
tions with the sum potentidb) or the product potentidl7) in  tuations and sticker aggregation indicate tQat=1.
the presence of the hard-square interacti®n The sticker Note added in proofA different mechanism for adhesion-
concentrationX now is given byQ(n;)/a%. At z,=0.1, the induced phase separation has been recently discussed by
2X2 and 3x3 stickers exhibit large coexistence regions;S. Komura and D. Andelman, Euro. Phys. J(t& be pub-
see Figs. &) and 4c). Since there are no attractive cis- lished.
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