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Adhesion-induced phase behavior of multicomponent membranes
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Biomimetic membranes that contain several molecular components are studied theoretically. In contact with
another surface, such as a solid substrate or another membrane, some of these intramembrane components are
attracted by the second surface and, thus, act as local stickergo®perativebehavior of these systems is
characterized by the interplay @ff) attractive binding energiesii) entropic contributions arising from the
shape fluctuations of the membranes, &g the entropy of mixing of the stickers. gystematistudy of this
interplay, which starts from the corresponding partition functions, reveals that there are destereimecha-
nisms for adhesion-induced phase separation within the membranes. The first of these mechanisms is effective
for flexible stickers with attractive cis interactiofithin the same membranand arises from the renormal-
ization of these interactions by the confined membrane fluctuations. A second, purely entropic mechanism is
found for rigid stickers without attractive cis interactions and arises from a fluctuation-induced line tension.
Finally, a third mechanism is present if the membrane contains both stickers and repellers, i.e., nonadhesive
molecules that protrude from the membrane surface. This third mechanism is based on an effective potential
barrier and becomes less effective if the shape fluctuations of the membrane become more pronounced.
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[. INTRODUCTION [4,5] as reviewed in Ref6]. In these models, the membrane
is divided into one bound segment, which represents the con-
The adhesion of membranes is governed by a variety ofact area, and one unbound segment, which acts as a sticker
generic and specific interactions that have been studied faeservoir. The repellers are taken to be more or less immo-
some time[1]. In the simplest case, the membrane is com-bile and the separation of the two interacting surfaces is
posed of a lipid bilayer and has a homogeneous and uniforrtaken to be constant within the contact area. In general, the
lateral composition. If such a membrane is in contact with acompeting action of stickers and repellers should lead to a
substrate surface or another membrane, it usually expermodulation of this separation: sticker-rich membrane seg-
ences a variety of molecular forces such as, e.g., van denents should have a relatively small separation, whereas
Waals and/or electrostatic interactions. In addition, the conrepeller-rich segments should have a relatively large one as
fined membrane undergoes thermally excited shape fluctualiscussed in the context of gap junctidi’s-9|.
tions that can be directly observed using optical microscopy A systematic theoretical framework for the interplay of
[2] and which act to renormalize the molecular force poten-membrane adhesion and membrane composition was intro-
tials [3]. duced in Ref[10]. Within this framework, the membrane is
Lipid bilayers represent the basic building blocks of cell divided into small membrane segmers patches The lat-
membranes. These latter membranes also contain many diral size of these segments corresponds to the smallest pos-
ferent protein components. If such a multicomponent memsible wavelength for bending deformations of the membrane.
brane is brought into contact with a second surface, this sutomputer simulations for molecular membrane models indi-
face will act as a sorting agent since it attracts somecate that this size is about 6 nm for lipid bilayers with a
membrane components but repels others. This interplay dhickness of about 4 nifil1]. The configurational energy of
adhesion and composition represents an interesting physicahch segment has two contributions: one contribution arising
problem that will be considered here in the context of bio-from the elastic deformation and another one from the inter-
mimetic membranes consisting of a few lipid componentsactions with the second surface. These interactions depend
together with some anchored macromolecules. These macron the presence or absence of a sticker or repeller molecule
molecules, which protrude from the membrane surface, aawithin this segment. The configurational energy of the whole
as local stickers or repellers if they experience attractive omembrane is obtained by a summation over all membrane
repulsive interactions with the second surface, respectivelysegments. In this way, one arrives at partition functions for
Stickers that are laterally mobile within the membrane will lattice gas models on deformable membrane surfpt@ls
be recruited by the adhesive surface, and thus, have a ten- In general, the interplay of membrane adhesion and com-
dency to be enriched within the contact area, whereas mobilgosition represents a cooperative process which depends on
repellers will become depleted within the same area. several free energy contributiongi) attractive trans—
Presumably the first theoretical models for the adhesion oiihteractions between the stickers and the adhesive surface
membranes via mobile stickers were introduced in Refscharacterized by the corresponding sticker/surface binding
energy; (i) entropic contributions arising from the shape
fluctuations of the membrane that are governed by the ratio
*Present address: Department of Pharmaceutical Chemistry, Unbf membrane rigidity and temperatur@j) attractive cis in-
versity of California, San Francisco, CA 94143-1204. teractions between two stickers within the same membrane
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that depend on the sticker/sticker binding energy; émgl  the height of this barrief14]. Similar mechanisms for
the entropy of mixing arising from the mobility of the stick- adhesion-induced phase separation resulting from an effec-
ers within the membranes. In addition, the stickers may lotive potential barrier have been recently discussed in Refs.
cally change the elastic properties of the membranes, an €f15] and[16].
fect that will depend on the sticker size and on the sticker In this way, we extend previous work on adhesion-
anchoring. induced phase separation as discussed in R&815,16

In the present article, we study the competition of thesednd provide aunifiedconceptual framework for the different
different contributions in @ystematiavay using the theoret- POSSible mechanisms that lead to this process. In order to
ical methods of statistical mechanics. Thus, we start fronexhibit the generic behavior related to these different mecha-
partition functions that include both shape fluctuations of thd"iSMs, we study an extended range for the parameters of our
membranes and fluctuations in the positions of the sticker§10dels. However, as discussed at the end of our paper, the
along the membranes as in REL0]. The underlying theo- Parameter range studied here includes those parameter.values
retical framework is rather general and can incorporate anjiat are applicable to real systems and, thus, accessible to
type of interaction between the various membrane compo€XPeriments.
nents and the second surface. However, in order to eliminate
some parameters from the problem, we will focus here on thell. STICKERS WITH ATTRACTIVE CIS INTERACTIONS
situation in which the interaction of the “bare” or “naked” ) ,
lipid bilayer with the second surface is effectively repulsive A Systematic theory for a multicomponent membrane
and of shorter range than the sticker-mediated attractionfVith anchored stickers in contact with a substrate has to in-
Thus, we will focus on membranes that do not adhere to th&lude a field for the local separation between the membrane
second surface in the absence of stickers. and the substrate and a concentration fietd the stickers. It

We show that sticker-mediated adhesion frequently leadS Convenient to discretize the substrate into a two-
to phase separation within the membrane as found in severdjmensional square lattice with lattice constansticker po-
recent studie$13,15,14. However, one important message Sitions can then be described by occupation numbgr0
of our article is that there aréaree distinctmechanisms for O 1 wheren;=1 indicates the presence of a sticker at lattice
this process of adhesion-induced phase separation. sitel.

First, we study membranes with flexible stickers that ex- 1" general, the effective Hamiltoniafor configurational
perience attractive cis interactions within the same meme€nergy of the decorated membrane will contain several

brane, see Sec. Il. In this case, which was announced but nftfMs[10] corresponding to the bending energy of the mem-
described in a previous Rapid Communicat[ds], the un- brane, to the membrang/surface interactions, and to the inter-
bound membrane undergoes phase separation provided tREliONS between the stickers. Each of these terms may de-
attractive strengthWV of the cis interactions exceed a certain PENd on several parameters. In the present section, we will
threshold valuaV, . We find that this threshold value is sig- consider the simplest bending energy in which all membrane
nificantly reduced if the membrane adheres to another suRaiches have the same bending rigidity irrespective of the
face. This reduction represents a renormalization of the ci@PSence or presence of stickers. In this way, we will focus on
interactions by the confined membrane fluctuations. the effects of attractive cis interactions petween .the §t|ckers.
Second, we study rigid stickers that experience only re- Thus, let us consider a grand canonical Hamiltonian that
pulsive (hard-core cis interactions within the same mem- has the general forrfi0]
brane, see Sec. Ill. Now, the unbound membrane will always
have a homogeneous or uniform composition. However, _ . N o
when bound to the substrate surface, such a membrane can H{I,n}—He|{I}+Z V() M]+<i2]‘) Wiming. - (3)
also undergo phase separation. This process is driven by an
effective line tension that arises from the shape fluctuationgyhere the elastic term
of the membrane and, thus, is of purely entropic origin. A
similar mechanism has recently been described for stickers p
with an increased lateral siZé3]. The underlying fluctua- Hell} =2 —Z(Adh)z )
tion mechanism can be suppressed by a sufficiently large I 2a
lateral tension as discussed in Sec. IV.
Third, we study membranes with more than two compo-represents the bending energy of the membrane with bending
nents that contain both stickers and repellers, see Sec. V. Thiglidity «. The discretized Laplaciany is given by
latter types of molecules are nonadhesive but protrude from
the membrane surface and, thus, impose a steric barrier for Agli=Aglyy=lyiaytIx-aytIxyratlxy-a—4lxy-
the adhesion. We will focus on the case where the cis inter- ©)]
actions between the stickers and repellers are purely repul-
sive. In this case, one may integrate over the compositioiThe potentialV(l;) describes the transinteraction of an indi-
variables and derive an effective potential for the membranevidual sticker with the substrate, and the relative chemical
membrane interactions. As a result, we find that this effectivepotential of the stickers with respect to the nonadhesive com-
potential has a potential barrier and, thus, may lead to cornponent is denoted by. We consider the short-ranged sticker
tinuous or discontinuous unbinding transitions depending ompotential
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V()=uel,—1)=U for I;<I,=0 for I;>I,, The second inequality holds for a square lattice with four
(4  nearest neighbors and interactions as in E.since the
correlation function(nm,—)o—(ni)g is nonnegative due to
which depends on the sticker binding enetdy0 and the fluctuation-induced attractive interactions between bound
potential rangd, . The step functiord(x) is equal to O for  stickers, which has been checked explicitly in our Monte
x<0, and equal to 1 fox=0. The cis interactions of the Carlo (MC) simulations, see also Fig. 6. Now minimizing
stickers are taken to be F- with respect to the variational parametieads to the
self-consistency equation
W;;=W for nearest neighbors,j,

=0 otherwise, (5) B=4W(n;),, (11

with interaction strengthV<0. After a rescaling of the sepa- WheredF,/dB= —9Foldu=(n;)o/a* has been used.
ration field according to
B. Phase behavior from mean-field theory
z=(l/a) \/m (6) and Monte Carlo (MC) simulations

The phase behavior in the mean-field theory for the con-
ntration fieldn can be derived numerically from Eg4.0)

and (11). In Fig. 1, we display phase diagrams for the res-
caled potential range,=0.1 and several values of the cis-
interaction strength as a function of the sticker concentra-
tion X=(n;)/a? and the sticker binding energy. The
diagram atW/T= —0.3 contains a bound and an unbound
phase that are separated by a single line of continuous un-
binding transitions. The membrane is bound for high concen-
trations or high binding energies of the stickers, and unbound

the number of independent parameters turns out to be fouE;e
The reduced sticker binding energly|/T, the rescaled po-
tential range z,=(l,/a)/x/T, the reduced interaction
strengthw/T, and the reduced chemical potenfidlT. Here,

T denotes the temperature in energy uplfg|. Instead of the
chemical potential, we will, in the following, use its conju-
gate variable, namely the sticker concentration (n;)/a?,

to describe the phase behavior.

A. Mean-field theory for concentration field for low concentrations or low binding energies. This transi-
To develop a mean-field theory for the concentration fieldlion belongs to the same universality class as the one for
n of the stickers, we use the variational principle W=0 [10] and arises from the renormalization of the attrac-

tive membrane/surface interactions by thermally excited
1 shape fluctuationgl8], see Appendix A.
F<Fot K<H_Ho>o (7 For larger absolute valueBW| of the cis-interaction
strength, the diagrams contain two-phase regions where an
with unbound phase with a low concentration of stickers and a
bound phase with a higher sticker concentration coexist. The
coexistence regions end in tricritical points. For binding en-
Ho{l,n}=He {11+ > V() — u+B], (8)  ergies|U| below the tricritical valugU,|, the unbinding
! transition of the membrane is continuous. Fdt>|U,|, the
) o unbinding transition is discontinuous and is then coupled to
whereB is a variational parameter aidthe membrane area. phase separation within the membrane. At large absolute val-
The bracketg - ), denote averages with respect, and  yes|U| of the sticker binding energy, the sticker concentra-
F, is the free energy related t,. The effective Hamil-  {jons of the two coexisting phases vary only slightly with
tonianH, is linear inn and corresponds t&/=0 and the  gjnce the majority of the stickers is already bound.
shifted chemical potentigk — B. A detailed derivation of the The mean-field phase diagrams at the larger rescaled po-
free energy folV=0 basedi) on an exact summation of the tentjal rangez,=0.5 as displayed in Fig. 2 reveal a more
sticker degrees of freedom and (ii) on a new method to  complicated phase behavior with different topologies of the
determine the adhesion free energy of a homogeneous memghaded coexistence regions. In particular, the diagrams at the
brane by Monte Carlo simulations is described in AppendiXjs-interactions strength$V/T=—0.8 and W/T=—0.84
A. The resulting expression for the free energy is given bycontain regions where two bound phases coexist. Thus, for
Eq. (A10). The free energyF, is then obtained by replacing jntermediate values of the cis interactiod¥/T and the
w in Eq. (A10) by n—B. Evaluation of H—"H,), now leads  transinteractiondJ/T, mean-field theory predicts that the
to system exhibitsfour different states as a function of the
sticker concentratiorX: (i) at large sticker concentrations,
the membrane composition is uniform and the membrane is
bound;(ii) at intermediate values &€, the membrane under-
goes phase separation that leads to two types of domains.
B oW Both types .of domains are bound to the seg:ond_ surfa_ce.
<Fom (Mot — (M)o=7F-. (100  However, since the two types of domains differ in their
a a sticker concentrations, their mean separation from the second

B 1
Fg]:"_ﬂz <ni>o+K<Z:> Wii(nin;), )
i
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U W/T = —0.3 |U | W/T = —0.76
U] ik
T 4 bound bound
21 2r
. unbgund | | | o lunbound— . |
L 02 04 06 08 1 L 02 04 06 08 1
W/T = —0.33 W/T = -0.8
4
bound
ol bound
0 : : , : o lunboynd — . -
O 02 04 06 08 1 0 02 04 06 08 1
6

2
unbound
0 , , , , o funbound — . ,
0 02 04 06 08 1 0 02 04 06 08 1
8 6
W/T =]-0.88
6
4
4
5 2+ bound
unbound
0 : . . : o [unboyund— J ;
0 02 04 06 08 1 0 02 04 06 08 1

FIG. 1. Mean-field phase diagrams for a membrane with flexible  FIG. 2. Mean-field phase diagrams as a function of the dimen-
stickers depending on the sticker concentratioand the binding  sionless concentratioaX and binding energy/T, compare Fig.
energyU. The rescaled quantities’X andU/T are dimensionless 1, for flexible stickers with the dimensionless potential raage
wherea is the lattice constant andl is the temperature in energy =0.5. The two-phase coexistence regions are shaded. Because of
units. The dimensionless potential range of the stickeis4s0.1.  the dominance of the cis interactions at the larger potential range
Above a critical value of the cis-interaction strendi|, a separa- z,=0.5, the diagrams at the interaction strengttsT=—0.8 and
tion into an unbound phase with a low concentration of stickers andv/T= —0.84 include regions where two bound phases coexist, see
a bound phase with a higher sticker concentration can be observetxt.

The extent of the shaded two-phase coexistence region increases

with [W]. chemical potentiaw of the stickers. A first-order transition
surface will be different. Thus, one has a bound state with  reflected in a discontinuity of the concentratignat a
nonuniform surface separation. Such a state resembles ti§€rtain chemical potentigk, . The two limiting valuesX;

state of a thin liquid film at a prewetting transitiph9]; (i) ~ andX; at u, correspond to the concentrations of the coex-
as X is further decreased, the bound membrane becomédsting phases. In order to determine these concentrations, we
again uniform, andiv) finally, at very low values ofX, it  typically perform 10 to 20 MC simulations with up to 10
unbinds in a continuous fashion, i.e., in the same way as fosteps per lattice site at different chemical potentjalabove

a one-component membrane. and belowu, for fixed binding energyd and interaction
In Figs. 3 and 4, we compare the phase diagrams from thetrengthW on lattices with up to 128120 lattice sites.
mean-field theory and from Monte CarlMC) simulations It is important to note that lateral phase separation can

with the full Hamiltonian(1). In the simulations, we deter- already be observed at interaction strendth that are sig-
mine the concentratiorX=(n;)/a®> as a function of the nificantly below the critical interaction strengfi/;| of the
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ing energyU/T= —5, the tricritical point where the phase
separation sets in can be estimated from the MC data of Fig.
3(a) asW,./W,.=0.35+0.05 and agrees within the statistical
errors with the tricritical point of the mean-field phase dia-
gram. Thus, forz,=0.1, phase separation already occurs at
interaction strengths that are about one third of the critical
interaction strengthW, of the two-dimensional lattice gas.
The lateral phase behavior therefore is dominated by en-

0 02 04 06 08 1 tropic forces between the stickers that are induced by shape
L1 e fluctuations of the membrane. Since these shape fluctuations
1 v ; of the bound membrane are strongest at the unbinding point,

the lateral phase separation is coupled with the unbinding
transition of the membrane.
For the larger rescaled potential rargye= 0.5, the tricriti-
cal point as obtained from the Monte Carlo data of Figp) 3
is located atV,./W.=0.65*=0.05. The phase separation thus
is predominantly caused by the enthalpic cis interactions. As
0 02 04 06 08 1 a consequence of the dominance of the cis interactions at
a2X larger rescaled potential ranges, the mean-field phase dia-
grams forW/T= —0.8 or—0.84 andz,=0.5 include regions
FIG. 3. Phase diagrams depending on the dimensionless concewhere two bound phases coexist as shown in Fig. 2, since the
tration a®X and cis-interaction strengW of flexible stickers with  critical concentration of the two-dimensional lattice gas with
binding energyU/T=—5 and the rescaled potential ranggs  Hamiltonian(12) is xczo_s/a%
=0.1and 0.5. Lines and shaded coexistence regions correspond to A comparison of the mean field and the MC phase dia-
the mean-field theory, data points to MC simulations. The interacyram for the rescaled potential range=0.1 and the cis-
tion strength W is rescaled by the critical valudVe of the  jnteraction strengtiW=1/2W, is presented in Fig. 4. As in
two-dlm_ensmnal lattice gas withV./T=—1 for the mean-field Fig. 3@, we find relatively good agreement of the two phase
calculations and/T=—2 In(1+2) for the MC data. diagrams. At the larger rescaled potential range=0.5
where the phase separation only occurs at larger absolute
values|W| of the cis-interaction strength, the difference of
the mean field and MC phase diagrams is more pronounced,
H|g{n}=2 Wijninj—,uz n;, (12  see Fig. &).
(ij) : The lateral phase separation is illustrated in Fig. 5 where

and nearest-neighbor cis interaction as in @y, The critical ~ ‘"o >¢ configurations from canonical Monte Carlo simula-

: o ; SV DY 2
interaction strength of the two-dimensional lattice gas jgtions with fixed sticker concentrations=0.45a", 0.3&",

2 i —
W, /T=—2In(1442), andW,/T=—1 in the mean-field and 0.14“ for the rescaled potential rangg=0.1 and the

. .~ interaction strengtiW=1/2W.. We see a separation into a
theory. For the rescaled potential rarge=0.1 and the bind bound phase with a high concentration of bound stickers

shown in black and an unbound white phase almost free of
stickers with a much larger membrane separation. With de-
- creasing sticker concentration, the extent of the bound phase
i shrinks. For a comparison, Monte Carlo configurations for
—— W=0 are shown in Fig. 6. Due to fluctuation-induced inter-
s actions, black bound stickers have some tendency to cluster
bound but the membrane doe®t phase separate in agreement with
Ref.[10].

two-dimensional lattice gas with Hamiltonian

P
unbound
02 04 06 08 1 ll. STICKERS WITH ENLARGED BENDING RIGIDITY

— N W kA LN

(=)

a2X For stickers that differ in their bending rigidity from the

FIG. 4. Phase diagram for a membrane with flexible stickersIIpId matrix, the grand canonical Hamiltonian can be written

depending on the dimensionless sticker concentratiéX and

binding energyJ/T. The dimensionless potential range of the stick-

ers isz,=0.1, and the cis-interaction strengthWé=1/2W,. The K )

lines and shaded coexistence region are obtained from the mean- H{I,n}=2 F(Adli)

field theory, the data points from MC simulations with the full ' oca

Hamiltonian (1). The critical interaction strength of the two- o K

dimensional lattice gas ¥/./T=—1 in the mean-field theory and + 20 0| ——(Agl )2+ V() — (13
W, /T=—2 In(1++/2) for the MC simulations. i 2a’
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FIG. 6. Typical MC configurations of a two-component mem-

FIG. 5. Typical MC configurations of a two-component mem- brane with flexible stickers in the absence of cis interactions. Bound
brane with flexible stickers of cis-interaction strenyth=W./2= stickers are black, unbound stickers gray, and nonadhesive seg-
—TIn(1+ \/5), binding energyU, and potential rangez,=0.1. ments are white. The average separation of the membrane increases
Bound stickers are black, unbound stickers grey, and nonadhesi®ntinuously as the sticker concentration is reduced. Bound stickers
segments are white. The fixed sticker concentration Xis have some tendency to cluster but the membrane doephase
=0.45A2, 0.3R2, and 0.142 (bottom to top. The membrane phase Separate.
separates into a bound phase with a high concentration of stickers,
and an unbound phase with a low sticker concentration. In Fig. 7, we see the phase behavior as a function of the
concentrationX and the reduced sticker rigiditys/« for
U/T= -5, and thus for a relatively high sticker binding en-

bilayer. The adhesion potenti&l(l;) is again given by Eq. ergy. Both diagrams .exhibit again twol-phase regions yvhere
(4) with binding energyU and potential rangé, . The dis- an unbound phase W'th avery small sticker cqncentréﬁpn
cretized Laplaciam4 is defined in Eq.(3). As before,a  2nd @ bound phase with a higher concentragncoexist.
denotes the lattice constant, ancthe relative chemical po- SiNce cis interactions are absent in the HamiltorE8), the
tential of the stickers. phase separation is now only induced by the shape fluctua-
Now, the phase behavior can be characterized by thtions of the membrane. The two-phase regions end in tricriti-
reduced binding energy/T, the rescaled potential range cal points given byxs/x=1.3+0.3 for z,=0.1 and by
z,=(1,/a)JxIT, the sticker concentratiorX=(n;)/a, Ks/k=1.5+0.5 forz,=0.5. Below the tricritical points, the
and the reduced sticker rigiditys/«. Because of the elastic unbinding transition is continuous in accordance with Ap-
contribution of the stickers, a summation of the sticker de-Pendix A where we present a general argument that shows
grees of freedom in the partition function does not lead to dhat multicomponent membranes with flexible stickers, i.e.,
simplification of the problem, as in the case of flexible stick-With stickers of bending rigidity«s= «, do not phase sepa-
ers without cis interactions, see Appendix A. We thereforerate in the absence of attractive cis interactions between the
determine the phase behavior by Monte Carlo simulationstickers.
with the full Hamiltonian(13) as described in the previous At high sticker rigidities, the coexistence concentrations
section. reach the valuesX;=0 and X,=(0.85+0.02)/a® for z,

in the absence of cis-interactions. Hexg,denotes the bend-
ing rigidity of the stickers, and is the rigidity of the lipid

011903-6



ADHESION-INDUCED PHASE BEHAVIOR @ . .. PHYSICAL REVIEW E 64 011903

AP =01 - curvatures at the cluster boundary, see E). Thus, the
v — 3 . . . g .
N g » binding of the sticker cluster leads to an additional stripe of
= 3 > “bound” or “nearly bound” (but nonadhesivelattice sites
Sfo ’ * around the sticker array that costs entropy by restricting the
on 2p 2-phase * membrane fluctuations. Since the membrane separation
< * around clusters of flexible stickers with= « is clearly less
1l > . . NP . .
s - bound rgstn_cted, Iarge sticker rigidities induce an adqmonal effec-
ol et , , ; tive line tension at the boundary of bound sticker clusters
0 02 04 06 08 1 that favors the aggregation of the clusters, and thus, favors
3fe = 0.5 —— lateral phase separation. A similar process of phase separa-
o Z'v — . —— . . . . .. .
s e tion due to an effective line tension arising from the interplay
S —— of shape fluctuations and sticker clusters has recently been
s 9 phase e found for stickers with increased lateral siZS].
. P Pes Attractive fluctuation-induced forces have also been
1 s Bug shown to exist between non—adhesive membrane inclusions
. —— bound Wlth higher bending r|g|d|ty[20,2ﬂ. .These forces are con-
’ siderably weaker than the entropic interactions between rigid
0 1 1 L . . .
0 005 01 015 02 stickers and contribute to the lateral phase separation of the
a2X membrane only at relatively large inclusion rigidities in a
significant way[22].
FIG. 7. Phase diagrams depending on the bending rigicjty
and the dimensionless concentratia?X of the stickers that have IV. EFFECT OF LATERAL MEMBRANE TENSION
the binding energy) = — 5T and the dimensionless potential ranges
z,=0.1 (top) and 0.5(bottom). The sticker bending rigidity is Biological and biomimetic membranes are often under

rescaled by the bending rigidity of the lipid matrix. Here, the only  lateral tension. This tension acts to suppress membrane fluc-
cis interactions between the stickers arise from the mutual exclusiotuations and will therefore also affect the fluctuation-induced
at the same membrane patch. phase separation that was studied in the previous sections. A
lateral tensionr leads to the additional term
=0.1 and x4/x=1000, andX,=(0.17+0.01)/a% for z, .
=0.5 and KS(K>100, see Fig. 7. Thg depe.ndenc-e_of the Ha{|}:2_ —(V4l))2 (14)
phase behavior on the rescaled potential raryge explicitly T2
shown in Fig. 8. The width of the coexistence region de- o
creases with increasing, as fluctuation effects become in the Hamiltonian where
weaker: With increasing potential range, bound stickers be- 0 9 2 2
come less restrictive to the membrane fluctuations. (Val)"= (Valxy) "= (ks ay=lay) "+ (Iyra=ley) 1
In order to understand the strong tendency of rigid stick- (19

ers to phase separate, let us consider a cluster of densefscribes the local area increase of the curved membrane
packed bound stickers withj=1 and l;<I, that is sur-  \ith respect to the planar substrate. As before, neighboring
rounded by a nonadhesive membrane segmentwitf0. In gjtes at the membrane edges are defined via periodic bound-
the limit of large sticker rigiditiesc, the membrane distance ary conditions. After the rescaling) of the distance field,

l; at the lattice sites directly adjacent to the sticker cluster haghe additional dimensionless parameter corresponding to

to be smaller or close to the potential rarigeo avoid high  tyrns out to be the reduced tensioa?/ «.

The phase separation of membranes with rigid stickers is

P 086 only induced by fluctuation-induced interactions. In the pres-
vooRh ence of a lateral tension, the grand canonical Hamiltonian for
066 these membranes is given by the sum of E8) and (14).
(4 HH . . . .
SN b d In Fig. 9, we display Monte Carlo phase diagrams for stick-
048 .. oumn ers with bending rigidityxs=1000« as a function of the
. * . sticker concentratiorX=(n;)/a? and the reduced tension
02¢ 2-phase * . oa®l k. At small lateral tensions-, the concentrations of the
M ¥ . coexisting phases agree with the tensionless case, see Fig. 8.
0 : : : : : At higher tensions, the width of the coexistence region de-
0 02 04 06 08 1 . S :
a2X creases due to the suppression of the fluctuation-induced in-

teractions between bound stickers.

FIG. 8. Phase diagram depending on the dimensionless sticker It IS important to note that the tensions at which a de-
concentrationa?X and the dimensionless potential range for ~ crease of the concentratios, of the bound phase can be
stickers with bending rigidity«;= 1000« and binding energy = observed are relatively high. Lipid membranes typically rup-
—5T. As in Fig. 7, the only cis interactions between the stickersture at tensionsr, of a few millinewton per metef23].
arise from the mutual exclusion at the same membrane patch. Taking o,=4mN/m, a lattice constana=5 nm which is
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26 V. MEMBRANES WITH STICKERS AND REPELLERS
1 3 L4
10 v . bound Biological membranes often contain repulsive molecules
* - that form a protective barrier, the glycocalyx. A systematic
< 0: 2-phase * description should then include a concentration field that
N\ —~1le > adopts three values, e.g;=0, 1, and 2 for the neutral com-
3 t s — 0.1 * ponent, the stickers, and the repellers, respectively. In the
b -2 2y ; '~4 - o B absence of cis interactions, the grand-canonical Hamiltonian
b% 0 0 04 06 08 1 for a three-component membrane in contact with a substrate
ko) 1 o or wall can be written as
0l * bound
: e H{Ln = Hel}+ 2 9()[Va ()= pnl, (16
~1lle 2-phase .- . i i
* ——
-2 .- with 3(n;)=0 for n;=0, and ¥(n;)=1 for n;=1 or 2,
2 2V = 0'.3 - = . where V4(l;) denotes the attractive sticker potential and
0 o1 02 03 04 05 V,(l;) the transinteraction of the repellers, apg and u,
OF are the relative chemical potentials corresponding to stickers
M T bound and repellers, respectively. The elastic enetdy is again
-1l e given by Eq.(2) assuming a uniform bending rigidity of
) 2-phase —— the membrane. Summing out the degrees of freedom of the
-2l —— concentration fielch as described in Appendix A now leads
) 0.5 —— to the partition function
- Za — U.
35 5 o ol 02 Z=(1+e/T+er2/MN

a?X
FIG. 9. Phase diagrams depending on the dimensionless sticker

L5 . . N X
C(.)ncentra.tlora.).(gnd the dlmenS|onI§s§ tensiom“/ « for stickers with the total number of lattice sitell and the effective
with bending rigidityxs= 1000« and binding energ) = —5T. The

x e—[Hel{|}+Ei VerDIT (17)

I [ o

i 0

dimensionless potential ranges ape=0.1, 0.3, and 0.5. potential

1+ el =VallDlT 4 alpo=Vo(IDVT
about the lipid bilayer thickness, and the bending rigidity Vei(lj))==TlIn T T (18
=10 leads to the estimate o,a®k=1 or 1+efr7 et

log,o(0,a%/k)=0 for the maximum value of the reduced . . _
tension. The phase diagrams of Fig. 9 show that the tensionQ1 the following, we characterize the potentialg andV; as

which cause a significant decrease of the coexistence regioﬁqL“"‘re'\’\’eII and square-barrier potentials of the fethwith

are already close to or even above this estimate for the maxPotential energies);<0 and U,>0 and with potential

mum value. ranged ; andl,. If the repellers have a larger potential range

In order to understand this behavior, one has to realizhan the stickers, i.e., fdp>1,, the effective potential reads
that membrane fluctuations are suppressed only on length Ve(l)=U,, for 0<I,<I,

scales that exceed the crossover lengiio. On smaller

scales, thermal fluctuations are still governed by the bending =Up, for <1<,
energy. The decrease of the coexistence regions in the phase
diagrams of Fig. 9 sets in at values of the reduced tension =0 for I,<lj, (19)

oa®/k that correspond to crossover lengths of only a fewith

lattice constants. Thus, the relevant fluctuations turn out to

be undulations of the nonadhesive membrane segments be- 1+ e(r1=UDIT 4 @iz =Up)IT
tween the small clusters of bound stickers, see Fig. 6. A Ueo=—TIn
decrease of fluctuation interactions between the bound stick- 1+era/Tyera!T
ers then occurs if the crossover lengfk/o is comparable

to or smaller than the mean distance between the stickét"d
clusters. This interpretation agrees with the observation that
the influence of an increasing lateral tension is most pro-
nounced for the rescaled potential rarge=0.5. For this

value ofz,, the concentratiolX, of the bound phase at low
tensions has the smallest value and the corresponding dias displayed in Fig. 10. Because 0f,>0 we also have
tance between the sticker clusters has the largest value far,,>0, and fromU,<0 we conclude thatl.,<U,,. The
the three cases displayed in Fig. 9. effective potential thus contains a potential barrier with

: (20

1+er1/T+glra™VU/T
UbaE —TlIn

1+esr/T4eua/T 7 @)
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V. with more pronouced shape fluctuations require larger poten-
ef . . . ; - .
tial barriers for a discontinuous unbinding transition and lat-
eral phase separation as follows from E24). An increase

Uba, of membrane fluctuations thus reduces the tendency of the
membrane to phase separate. As stated above, the phase
separation of a multicomponent membrane with the effective
adhesion potentidll9) is caused by the potential barrier that
induces a line tension between bound and unbound mem-
l brane segments. The adhesion-induced phase separation re-
U ported in Ref.[16] where the membrane is in an external

co harmonic potential and the stickers couple linearly to the
separation field is caused by a similar mechanigsj.

h )
) ) VI. CONCLUSION
FIG. 10. Schematic shape of the effective poten¥ig} as a
function of the surface separatibnsee Eq.(19), for a membrane In this article, we have identified and distinguished three
with flexible stickers and repellers in the absence of cis interactionsdifferent mechanisms for lateral phase separation during the
adhesion of multicomponent membranes. In the first mecha-
heightU,, for |;<I;<I,. Bound states of the membrane are nism, the shape fluctuations of the membrane lead to a renor-
only possible if the energy ., for membrane contacts with malization of the cis interactions between flexible stickers
[,<I; is negative, i.e., for that are taken to have the same bending rigidity as the mem-
U T T U T brane matrix. Phase separation and discontinuous unbinding
efrii(e T —1)>ef2l(1-e 20, (220 thus occurs at cis-interaction strengtig which are signifi-
cantly smaller than the critical interaction strengj;| for
the flat membrane. The renormalization of the cis interac-
tions can also be understood as a nontrivial coupling with
collective entropic interactions induced by the membrane
f(I:lJctuations.
NAd A second mechanism is effective for stickers that have a

which reduces to the conditigm; — U ;> u, for large sticker
and repeller energies wity,|/T>1 andU,/T>1.

For membranes confined to a potential well with witith
the excess free energy is given Wy (1)~ T2/ k2 [24]. The
free energy difference between the bound and the unbou

state of a membrane with adhesion potenti) therefore larger bending rigidity than the lipid matrix. The membrane

i - _ 2/ |2 i i . . e g~ .
can be written as\F = —[Uco|+CcT*/«l} wherecis a di-  f,ctyations then induce an additional entropic line tension
mensionless coefficient. An estimate for the contact energjanveen bound and unbound membrane domains that leads
UZ, at which the membrane unbinds thus follows as to lateral phase separation also in the absence of any attrac-

U% | = cT2 kl2 293 tive cis interactions. A comparable increase of entropic in-
col ™ ! teractions due to an effective line tension has been previ-
since the free energy differenceF has to be zero at the ously reported for stickers with mcrgasgd lateral $128]. .
unbinding point. _ The strer}gth of these two fluctuat_lon—mduceq mechanisms
The character of the unbinding transition now depends ot rg_flected n Fhe exten;[jof_ th;. _coemstefnc;]e reglokns. For:_large
the height of the potential barrier that induces a line tensio?I" |nghgnecrjg|e§4uj ag br'g' 't'.eSIKS of the stic ehrs, this led
between bound and unbound membrane segments. As showf€eNdth Is determined by a single parameter, the rescale
in Ref. [14], the unbinding transition is discontinuous for Potential rangez,=(l,/a) J«/T, which is a function of the

relatively strong barriers with sticker potential rangk, in units of the lattice constai, the
bending rigidityx of the lipid matrix, and the temperatufe
Upa(lo—11)%>|U% |13, (24)  The extent of the coexistence regions decreases with increas-

ing rescaled potential rangg because the shape fluctuations

and continuous for weak barriers withJp,(I,—1;)? (i) are less restricted by bound stickers with larger potential
<|U% |12, A discontinuous transition implies the coexist- ranged, and(ii) get weaker with increasing bending rigidity
ence of a bound phase with a high concentration of sticker& or decreasing temperatufe For lipid membranes, the
and an unbound phase with a low sticker concentrationdimensionless facto/x/T is around 3 or 426], and the
Therefore, sufficiently strong barriers also lead to lateralattice constana should be taken as the cutoff length for the
phase separation and sticker aggregation. This should esp@&rembrane fluctuations. As mentioned in the introduction,
cially apply to membranes containing relatively rigid repel- this cutoff length is around 6 nm for lipid bilayers with a
lers that can be characterized by high value&Jgfand thus  thickness of 4 nnj11]. Since the sticker potential rangg
induce large potential barriets,,, according to Eq(19). may vary from a few angstroms for sticky lipids to several

It is important to note that, in the present situation, thenanometers for adhesion proteins, the rescaled potential
phase separation it induced by membrane fluctuations as ranges considered in this article are accessible to experiments
in the previous sections. On the contrary, since the transitionn real adhesion molecules.
value|U}, | of the contact energy increases with the tempera- Studying the influence of lateral membrane tensions on
ture T and decreases with the bending rigiditymembranes the phase behavior leads to a deeper understanding of the

011903-9
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15 hesion molecules that are expected to have binding energies
U] W/|We| = —0.33 U|/T>1 [27].
o 10 From the experimental point of view, lateral phase sepa-
T ration has been observed in some biomimetic systems such
bound as(i) membranes containing cationic lipids in contact with a
5 negatively charged surfad8], (i) membranes with bioti-
_________________ nylated lipids that are bound to another biotinylated surface
0 unbound L : via streptavidin[29], and (iii) membranes with homophilic
0 02 04 06 08 1 csA receptors from the slime moulictyostelium discoi-
15 deum [30]. One system that does not seem to exhibit
adhesion-induced phase separation @r¢ neurons, which
10 adhere to laminin or fibronectin covered silica surfaj@s.
The first experimental systeft) corresponds to stickers
that experience repulsive and attractive electrostatic cis and
5 trans interactions. Such interactions lead to an effective in-
e e crease of the sticker size. As shown in Réf], the adhering
0 unbound : : membrane undergoes phase separation if the sticker size is

0 02 04 06 08 9 1 larger than the size of the nonadhesive membrane patches
aX and the potential range of the trans interactions is sufficiently

) . ) ) small. The experimental systen($) and (iii ), on the other

. FIG. 11. Mean-fu_eldzphase du_ag_rams asafunc_:ﬂon_of the Ollmen'hand, contained both stickers and repeller molecules that

sionless concentratioa®X and binding energy/T: (Thick lines

A pair of two-component membranes with identical sticker concen-Vere supposed to mimic the glycocalyx of cell membranes.

tration a®X; and (Dashed lines A membrane with sticker concen- Therefore, the obse'rved phase_ separation I.s presumably in-
tration X in front of a homogeneous substrate. The dimensionles§UCed Py a potential barrier in the effective membrane-
potential range ig, = 0.1. The cis-interaction strength is denoted by SUrface interaction, as shown schematically in Fig. 10. Fi-
W, andW, is the critical interaction strength for a planar membrane.nally, all our phase diagrams exhibit bound states with a
uniform surface separation as observed experimentally for
fluctuation-induced interactions. Since the extent of the col€urons on silica surfaces.
existence regions decreases only at relatively large lateral The theoretical work described here focused on the struc-
tensions, the relevant fluctuations for the entropic forces turfré of the membrane/sticker systems in equilibrium. It is

out to be fluctuations on the scale of the average separatigSO Of interest to study the dynamics of these systems,
of the stickers which is close to the lattice constaritthe ~ Which involves both a coarsening of the intramembrane do-

sticker concentration is sufficiently large. mains and the relaxation of the membrane/surface separa-
A third mechanism of lateral phase separation exists fofiOn- In general, one may then have to include hydrodynamic
membranes that contain both stickers and repellers. If th&ffects, see, e.g., Ref32]. Likewise, one may study related

transinteraction of the repellers has a longer range than tHyocesses away from equilibrium such(Bshe unbinding of
sticker potential, the effective adhesion potential, which reihe sticker bonds under a time-dependent load 8334

sults from a summation of the degrees of freedom of thé' (ii). the interactipns _between the membrane and cytoskel-
concentration field, contains a potential barrier. This barrie€t@l filaments, which involve active processes and are be-
induces an effective line tension between bound and urliéved to be essential for cell adhesion, see, e.g., Rél.
bound membrane segments. For large enough potential bar-
riers, the line tension leads to a discontinuous unbinding
transition, and thus, to lateral phase separation. An increase
of membrane fluctuations effectively reduces the barrier, and We would like to thank R. R. Netz for helpful discus-
therefore also reduces the tendency of the membrane §ons, and S. Komura and D. Andelman for stimulating in-
phase separate in contrast to the first two mechanisms.  teractions.

We have considered here the simplest adhesion geometry
that consists of a single multicomponent membrane with
stickers in contact with a homogeneous substrate. In Appen-  APPENDIX A: FREE ENERGIES OF ADHESION
dix B, we compare this simple geometry with the situation
where two multicomponent membranes interact via “lock-
and-key” stickers. We find that the phase behavior is rather In this section, we present a method to determine the free
similar in both geometries. In particular, the phase diagramgnergy of a homogeneous membrane that adheres to a sub-
agree in the regime of high sticker binding energies, see Figstrate or “wall.” The conformations of the membrane can be
11, where almost all stickers are bound, provided the memdescribed by the local separatibfrom the wall. After dis-
branes have equal sticker concentrations and the transinterretizing the substrate into a two-dimensional square lattice,
action of the stickers can be described in both cases by ththe effective Hamiltonian, which is the sum of the bending
same molecular adhesion potential. The regime of higlenergy[35] and the potential energy of the membrane, can
sticker binding energies applies to biologically relevant ad-be written as

ACKNOWLEDGMENTS

A. Homogeneous membranes
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P B. Two-component membranes with flexible stickers:
- , (A1) Absence of cis interactions

ZaZ(AdIi)2+V(Ii)

H{l}=
-2 of e ner .
In the absence of cis interactions, the grand canonical

wherel,;=0 is the separation at lattice sitethe parametek Ham_lltoman(l) for me_mbra_nes with er_X|bIe stickers IS lin-
ear in the concentration field. Summing out the sticker

is the bending rigidity, ana the lattice constant. The inter- d f freedom in th tition functi
action potential between the membrane and the wall is gecegrees ot freedom in the partition function
noted byV(l;), and the discretized Laplaciaky is given in %

Eq. (3). The same description holds for the interaction of two Z= H f dli} H E e~ HLHT, (A7)
homogeneous membranes with bending rigiditgsand «. b0 =01

Then, « represents the effective bending rigidikf x, /(x4
+k5) [36]. In the following, we consider the square-well
potential

then leads to

z=[1’[ f;dli

e Mel/T[T (1+elw—VIIIT)
i

V(I;)=Tué(l,—1;)=Tu for I;=<1,=0 for I;>I,,
(A2)

= (1+e#M)N e*lHe|{l}+§i: VeIDVIT

dl,
which is characterized by the potential defth<<O and the H fo '
potential rangd,. By introducing the rescaled separation (A8)

field z=(l/a) y«/T, the parameters can be reduced to the
dimensionless potential depth and the rescaled potential with the number of lattice siteld and the effective potential

rangez,=(l,/a)JV«/T.

Thermally excited shape fluctuations of the membrane 1+ el VIT B
lead to an entropic repulsion between the membrane and the Ver(li)=—TIn 1+emT 01, =li)=Uesb(l, —11).
wall [24], and thus, to an unbinding transition at a critical (A9)

valueu, of the potential depth that depends on the rescaled

potential rangez, . For short-range potentials as E&#2),  The effective potential is again a square-well potential with
the unbinding transition is continuo(isQ], i.e., the average potential rangd, and the effective potential depth,; that
separation continuously diverges according ¢)~(u  depends on the chemical potentialand the binding energy
—u,) " * close to the critical potential depth, . In orderto U of the stickers. The free energy per unit arda
determine the free energy, we consider here the contact prob-(T/A)In Z therefore is obtained as in the previous section
ability and reads

Po=(0(z,— 7)), (A3) T T ru,
fz——2|n[1+eﬂ”]+fub——2f du’'Py(u’),
which is the expectation value for the fraction of bound a a Ju
membrane segments, i.e., membrane segmentszyith, . (A10)

The contact probability can be directly determined in Monte . L
Carlo (MC) s?mulatiorté as reported |¥1 Ref3]. The free where the reduced potential deptmow is given byU.¢/T.
energy per area as given by ' The sticker concentratioX=— (JF/du)=(n;)/a? then

follows as
Il [ a,

i 0

e—H{I}/T’ (A4) 1 e;/,/T e[,u*U]/T

F TI

=——In

A X==|(1-Py)
a

2 . (A1)

14em/T TP 14 elr-UIT
is related to the contact probabiliy, via _ o _
At the continuous unbinding point, the contact probabifty
a2 oF vanishes and the critical chemical potentig| is given by
T TR (A5)  the equation'u*=U_ef(M*.)/T with the effective potential
depthU,s being defined iA9), and reads

Thus, the free energy for given rescaled potential range

obtained from Monte Carlo data for the contact probability '“_*:m ell-1 . (A12)
by the integration T elUlT_ glugl
T ru, Since the contact probabilit,, is zero at the unbinding
F=Fub— ;fu du’Py(u’), (A6)  point, the critical sticker concentration is given by
etx T e‘u* [— 1
whereF,;, denotes the free energy of the unbound membrane X, = = _ (A13)
associated with the shape fluctuations. a%(1+e*'Ty  a?(elVlim—1)
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Since the HamiltoniargB1) is linear in the concentration
fields n andm, the partition function can be written as

Z=(1+em/MHN(1+er2/MN

o

x e [Mailh X VeVT (Bp)

after the summation of the sticker degrees of freedom. The
effective potential now is

1+eMl/T+eM2/T+e(,u1+,u2—U)/T

Vedli)=—TIn Lo (1o

FIG. 12. Dimensionless binding energy T as a function of the
dimensionless concentrati@?X of the stickers for continuous un-
binding transitions:(thick lines A pair of two-component mem- XO(l,—1;)=Ug:6(1,—1). (B3)
branes with identical sticker concentrati¥nand (dashed lines a
single two-component membrane with sticker concentra¥oim The two membranes unbind at a critical valug of the
front of a homogeneous substrate. The dimensionless potentigeduced effective potential depth=U /T, which depends
range of the stickers ig,=0.1, 0.3, 0.5, and 1bottom to top. on the rescaled potential range= (I, /a) JkIT, see Appen-

dix A.1. For equal chemical potentials of the stickers, i.e., for

The critical potential depthi, can be determined by Monte ,, = .=, the critical valuew, is determined by the equa-
Carlo simulations. From MC data for the contact probabilitytion u, =U,((u, )/T and reads:

Py, as a function of the potential deptifor several potential

rangesz, , see[13], we findu, = —1.25+0.05 forz,=0.1, eluxl — 1 + \/e\uuT_ 1\/e\u* 1
u, =—0.47+0.03 for z,=0.3, u,=-0.24+0.02 for z, we=TIn . (B4)
=0.5, andu, = —0.075-0.010 for z,=1. The unbinding elUlIT— glusl

lines in the @2X,|U|/T)-plane resulting fron{A13) and the

above values fou, are shown in Fig. 12 as dashed lines. The critical concentratiorX, = (1/a%)e# 'T/(1+e#+'T) at
Because of the continuous character of the unbindingvhich the membranes unbind then is given by

transition, there is no lateral phase separation in the multi-

component membrane in the absence of attractive cis inter- 1 eluxl 1

actions between the flexible stickers in accordance with Ref. Xe=7 JoT_ 4

[10]. This is a direct consequence of EA11) and the con- a e’ -1

tinuity of the contact probabilitypy, .

(B5)

Unbinding lines in the 2X,|U|/T) plane resulting from Eq.

(B5) are displayed in Fig. 12 as solid lines. The dashed lines
APPENDIX B: TWO MEMBRANES WITH STICKERS correspond to the unbinding lines for a single multicompo-
nent membrane adhering to a homogeneous substrate, see
) ) ) Eq. (A13). For this latter geometry, the extent of the bound
The adhesion of a pair of multicomponent membranes CaBhases is larger for given rescaled potential rangsince

A. Flexible stickers without cis interactions

be described by the grand canonical Hamiltonian the stickers bind to any lattice site of the substrate. In con-
trast, “lock-and-key” stickers of this section can only bind if
H{I,n,m}=7—[6|{l}+2 [nimi V(1) =iy —m; o] n=1andm=1.
I
(B1)

B. Flexible stickers with attractive cis interactions

for flexible stickers in the absence of cis interactions. Here, A general Hamiltonian for stickers with attractive cis in-
andm are the concentration fields of the membrane 1 and Zeractions has to include quadratic terms in the concentration
respectively, which adopt the values=0,1 andm;=0,1. As  fieldsn andm. For simplicity, we consider here only the case
in the case of biological membranes, the transinteractiowf stickers with the same chemical potentied ;= u, and
V(l;) now is mediated by “lock-and-key” pairs of stickers cis-interaction matrix\V;; in the two membranes. This ap-
with nj=1 andm;=1, which are anchored in the opposing plies in particular to the situation of homopholic binding
membranes. The molecular adhesion potentid|) will be  where the stickers in the opposing membranes are identical.
characterized in the following again by the square-well po-The Hamiltonian then can be written as

tential (4) with binding energyJ <0 and potential rangk, .

The elastic energy of the membranes with uniform bending _ (] i i

rigidities «; and k, can be written in the forn2) where « Hl.n.m} He'{|}+2i (V) = p(ni+ )]

now is the effective bending rigidityc;x,/(xq+ k5). Fi-

nally, the relative chemical potential of the stickers are de- +E Wi (nin; +mymy), (B6)
noted by, and u,. I
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with the nearest-neighbor interactiof®). To develop a

PHYSICAL REVIEW E 64 011903

Phase diagrams that were numerically derived from the

mean-field theory as in Sec, IV, we use again the variationainean-field Eqs(B8) and (B9) are displayed in Fig. 11 and

principle (7), now with
Ho=Hert 2 [MimV(I)+(B=p)(ni+m)]. (B7)
This leads to the upper boundafy for the free energy:

B 1
F<Fo~ o 2 [(ni)ot (Mol + & (2) W;i[(ninj)o
i

2B AW,
+<mimj>o]$-7:o_ ¥<ni>o+ ¥<ni>ozf>- (BS)

A minimization with respect to the variational parameBer

results again in the self-consistency equation

B=4W(n,),. (B9)

compared to the corresponding diagrams for the adhesion of
a single two-component membrane to a homogeneous sub-
strate. The phase diagrams for the two geometries differ at
small values of the sticker binding enerfly|, but agree at
large values ofU| where the phase behavior becomes inde-
pendent of this parameter since the majority of stickers is
already bound. For “lock-and-key” stickers, this regime is
reached at higher values [ | since the binding of the stick-

ers is more restricted and requines=m;=1.

In this appendix, we have considered two-component
membranes and flexible stickers, though similar conclusions
should also apply to rigid stickers or membranes that addi-
tionally contain repulsive molecules. In particular in the re-
gime of high sticker binding energigt/|, a similar phase
behavior for the two geometries can be expected. Since bio-
logical stickers are mostly characterized by high values of
the binding energy, this regime is of particular interest.

[1] Structure and Dynamics of Membranes: Generic and Specifi¢17] The temperaturd in energy units corresponds kg T’ where

Interacions Vol. 1B of Handbook of Biological Physic®d-

ited by R. Lipowsky and E. Sackmariglsevier, Amsterdam,

1995.

T’ is the temperature in Kelvin ankk denotes Boltzmann'’s
constant.
[18] R. Lipowsky and S. Leibler, Phys. Rev. Leb, 2541(1986.

[2] J. Raller, T. Feder, H. Strey, and E. Sackmann, Phys. Rev. BE19] J.W. Cahn, J. Chem. Phy86, 3667 (1977).

51, 4526(1995.

[3] R. Lipowsky, inVesicles and Biomembranegol. 23 of En-
cyclopedia of Applied Physicedited by G. L. Trigg(VCH
Publishers, New York, 1998p. 199.

[4] G.1. Bell, Science200, 618 (1978.

[5] G.I. Bell, M. Dembo, and P. Bongrand, Biophys.4h, 1051
(19849.

[6] G. I. Bell in Physical basis of Cell-Cell Adhesipedited by P.
Bongrand(CRC Press, Boca Raton, FL, 1988. 227.

[7] J. Braun, J.R. Abney, and J.C. Owicki, Natytendon 310,
316(1984).

[8] J. Braun, J.R. Abney, and J.C. Owicki, Biophys.52, 427
(1987).

[9] R. Bruinsma, M. Goulian, and P. Pincus, Biophys63, 746
(1994.

[10] R. Lipowsky, Phys. Rev. LetZ7, 1652(1996.

[11] R. Goetz, G. Gompper, and R. Lipowsky, Phys. Rev. L&t.
221(1999.

[12] B. Albertset al., Molecular Biology of the Cell3rd ed.(Gar-
land, New York, 1994

[13] T. Weikl, R. Netz, and R. Lipowsky, Phys. Rev. &, 45
(2000.

[14] R. Lipowsky, J. Phys. |4, 1755(1994; A. Ammann and R.
Lipowsky, J. Phys. 116, 255(1996.

[15] R. Bruinsma, A. Behrisch, and E. Sackmann, Phys. Re&/1,E

4253(2000.
[16] S. Komura and D. Andelman, Eur. Phys(th be published

[20] R.R. Netz and P. Pincus, Phys. Rev5E 4114(1995

[21] R.R. Netz, J. Phys. 7, 833(1997.

[22] T. R. Weikl (unpublishegl

[23] E. Evans and D. Needham, J. Phys. Ch8).4219(1987.

[24] W. Helfrich, Z. Naturforsch. AA33, 305 (1978.

[25] T. R. Weikl, S. Komura, D. Andelman, and R. Lipowskyn-
published.

[26] For a table with experimentally determined values for the
bending rigidity «, see U. Seifert and R. Lipowsky, i&truc-
ture and Dynamics of Membranes: From Cells to Vesicles
Vol. 1A of Handbook of Biological Physic®dited by R. Li-
powsky and E. SackmantElsevier, Amsterdam, 1995p.
403.

[27] P. Bongrand, Rep. Prog. Phy&2, 921(1999.

[28] J. Nardi, T. Feder, R. Bruinsma, and E. Sackmann, Europhys.
Lett. 37, 371(1997).

[29] A. Albersdafer, T. Feder, and E. Sackmann, Biophys73,
245 (1997.

[30] A. Kloboucek, A. Behrisch, J. Faix, and E. Sackmann, Bio-
phys. J.77, 2311(1999.

[31] D. Braun and P. Fromherz, Phys. Rev. Le3l(23), 5241
(1998.

[32] D. Gallez and W. Coakley, Heterog. Chem. Re3y. 443
(1996.

[33] R. Merkelet al, Nature(London 397, 50 (1999.

[34] U. Seifert, Phys. Rev. LetB4, 2750(2000.

[35] W. Helfrich, Z. Naturforsch. CC28, 693 (1973.

[36] R. Lipowsky, Europhys. Lett7, 255(1988.

011903-13



