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The kinetics of registration of lipid domains in the apposing leaflets of symmetric bilayer
membranes is investigated via systematic dissipative particle dynamics simulations. The decay
of the distance between the centres of mass of the domains in the apposing leaflets is almost
linear during early stages, and then becomes exponential during late times. The time scales of
both linear and exponential decays are found to increase with decreasing the strength of
interleaflet coupling. The ratio between the time scales of the exponential and linear regimes
decreases with increasing the domain size, implying that the decay of the distance between the
domains centres of mass is essentially linear for large domains. These numerical results are
largely in agreement with the recent theoretical predictions of Han and Haataja [Soft Matter
(2013) 9:2120-2124]. We also found that the domains become elongated during the registration

process.

1 Introduction

Many in-vitro experiments of multicomponent giant unilamellar
lipid vesicles and supported bilayers have shown that these
systems exhibit interesting lateral inhomogeneities in the form
of liquid ordered domains, rich in cholesterol and saturated
lipids, coexisting with liquid disordered domains rich in
lipids [1-9]. The understanding of domain
formation in lipid membranes is particularly relevant to the

unsaturated

lateral organization of plasma membranes of eukaryotic cells,
which are inherently multi-component. Indeed, there currently
exists a consensus that the plasma membrane of mammalian
cells, in particular, exhibits nanscale domains, known as lipid
rafts, which are rich in sphingomyelin and cholesterol [10-12].
Lipid rafts are involved in many cellular processes such as
signalling, trafficking, and endocytosis.

An intriguing feature of phase-separating lipid membranes is
that domains in the two leaflets exhibit almost complete
registration, i.e., domains in the outer leaflet almost exactly co-
localise with domains in the inner leaflet [1-9]. Collins and
Keller [12] that lipid membranes with
asymmetric transbilayer lipid composition exhibit phase

demonstrated

separation with registration even if one of the two leaflets
would not exhibit phase separation by itself. This experiment
suggests that there exist some coupling between the two
apposing leaflets of the bilayer that drives domains co-

This journal is © The Royal Society of Chemistry 2013

localization. May proposed earlier that the interleaflet coupling
might result from chain interdigitation, electrostatic coupling,
with
probably being the main contributor to domains registration

or rapid cholesterol flip-flop, chain interdigitation
[13,14]. The transbilayer lipid distribution in the plasma
membrane is inherently asymmetric [15]. In fact, the outer
leaflet of the plasma membrane is composed of sphingolipids,
phosphatidylcholine and cholesterol, while the cytoplasmic
leaflet

phosphatdylserine, and cholesterol. Experiments have shown

is mainly composed of phosphatdylethanolamine,

that bilayers composed of lipids with composition similar to
that of the outer leaflet exhibit phase separation, while bilayers
with composition similar to that of the inner leaflet do not
exhibit phase separation [16]. A coupling between the two
leaflets of the plasma membrane implies that lipid rafts in the
outer leaflet would also lead to rafts in the cytoplasmic leaflet.
The colocalization of rafts in both leaflets may be necessary for
signal transduction across the bilayer [17].

The kinetics of phase separation in multicomponent lipid
membranes has been the subject of many experimental,
theoretical and computational studies during the last decade [6-
8,18-24]. Interleaflet coupling is typically assumed in the
theoretical and computational studies. Consequently, domain
registration is observed since the inception of the phase
separation process [26]. However, while these studies have
provided valuable understanding of the mechanisms and details
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of phase separation in multicomponent lipid bilayers, our
understanding of how domains undergo registration in the first
place during the early stages of the phase separation process is
not well understood.

So far, experimental studies investigating the kinetics of
domain registration in multicomponent membranes are lacking
and might be very difficult to perform. Pantano et. al. recently
investigated these kinetics using molecular dynamics
simulations of a coarse-grained lipid model of self-assembled
bilayers composed of short diblock copolymer [27]. They found
that registration is mainly driven by mismatch in the thickness
of the coexisting phases, leading to curvature modulation [27].
More recently, Han and Haataja [28] theoretically investigated
the problem based on the sharp-interface limit analysis of a
generalized time-dependent Ginzburg-Landau model for the
two leaflets with an interleaflet coupling [29,30]. For the sake
of tractability of the analyses, domains are assumed circular,
without out-of-plane fluctatuations. The effect of the ambient
solvent is implicit, and only the membrane viscosity is taken
into account in this theory. They were able to derive analytical
solutions for the distance between the centres of mass of two
initially partially overlapping circular domains.

Here, we present results of a systematic investigation of the
kinetics of domains registration in lipid bilayers with explicit
solvent using systematic dissipative particle dynamics (DPD)
simulations  [31-33].  This

computationally investigate the kinetics of domain registration

approach allows wus to
in bilayers while accounting for solvent effects, domain shape
changes and out-of-plane fluctuations. We introduce a simple
relation for systemically adjusting the coupling strength
between the two leaflets in the simulations. We specifically
investigated (i) the relation between the relaxation time and
domain size, (ii) the relation between the relaxation time and
the coupling strength, (iii) effect of initial separation distance
between the two domains, and (iv) shape deformation during
the registration kinetics.

The rest of this article is organized as follows: The model
and method are presented in Sec. 2. The results are presented
and discussed in Sec. 3. Finally, our findings are summarized in
Sec. 4.

2 Model and method

Various coarse-grained models for multicomponent membranes
have been used in the past [26]. The present study is based on
DPD, a powerful method that has been previously used for
studies of the phase separation dynamics in lipid membranes
[18-21]. In the DPD approach for self-assembled membranes, a
lipid molecule is modelled as a flexible amphiphilic chain with
one hydrophilic (%) bead, mimicking the lipid head group, and a
chain of three hydrophobic (f) beads, mimicking the lipid
hydrocarbon groups. Although our lipid model is simpler than
that used by Pantano et al. [27], we are able to investigate much
larger systems over longer times and perform a more systematic
study investigating the kinetics of registration of lipid domains.
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In the DPD framework [31-34], beads i and j, with respective
positions and velocities (r;,v;) and (r;,v,

By

i and random forces,

interact via pairwise

conservative, F ), dissipative, F

p
FA(AR), respectively given by

ii

) _ -
F; ' =a,, o()r;, (1)
F” =y.0°(r,)(F,- v,)F 2
i —7,-,0) (1) Vi,)rg,, &)
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o(7;)

Fij ( )1/2 zj’ (3)

where r;=r;, -1, T, =r,/r, and v, =V, -V, d is the
time step, and the coefﬁ01ents of the dissipative and random
forces are interrelated through the fluctuation-dissipation
theorem, j; = o;/kgT, where T is temperature and kg is the
Boltzmann constant. In Eq. (1), v; and g are the types of
particles i and j, respectively. In the random force, Eq. (3), 6; is
a symmetric random variable satisfying

<0"" ()6, (t,)> - (5ik511 +8,0, )S(t -t %)
with i#/ and k=l
In Egs. (1-3), the weight function o(r) is given by
l—r/r. for r<r.,
- 6
e B

where 7. is the interaction cutoff length and is used in our
simulations to set the length scale of the system. Note that the
same weight function is used here for the conservative and
dissipative/random forces.
consecutive beads in a single lipid chain interact via a harmonic

force,
Fz(zs+)1 = _C(l ~liin / b):i,nl' ™

The equations of motion of a bead i are given by
d
—r,()=vi(¢
. (0)=v,(0)

©) () (D) (R)
2 (FO+F+F +FD)
i

To ensure chain connectivity,

®

d 1
—v.(t)=—
V0=

where m; is its mass, and we assume in the present study that all
DPD particles have the same mass m.

The present lipid model produces thermodynamically stable
self-assembled lipid bilayers with mechanical and dynamical
properties that are in line with experiments [35]. The same lipid
model composed of two different types of lipids (4 and B) is
able to produce a coexistence of two liquid phases [18-21]. The
two phases may be seen as coexisting liquid-ordered and liquid-
disordered phases in membranes composed of a saturated lipid,
an unsaturated lipid and cholesterol. The hydrophilic beads of
lipids 4 and B are denoted by %, and /5, and their tail beads are
denoted by ¢, and ¢, respectively. Water molecules are coarse-
grained into DPD beads, denoted by w. The values of the
coefficient a; of the conservative forces, in Eq. (1), depend on
the types of the interacting beads and are given by the
following

©
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where ¢ is an energy scale. The interaction between tail beads
of A4 lipids and B lipids is represented by a, . In preVlous
DPD studies of multicomponent lipid bllayers [20,21],

value of ¢ it for lipids belonging to the same leaflet and that
for lipids belonging to apposing leaflets were assumed to be
equal [18-21]. In the present study, however, the effect of
interleaflet coupling strength will be systematically studied by
adjusting the interaction coefficient, a , for hydrophobic
beads belonging to apposing leaflets, “With respect to the
interaction coefficient, a’ , for hydrophobic beads belonging
to the same leaflet. In parti%ular, we introduce a dimensionless
coupling parameter, f, to tune the interleaflet interaction

between tail beads (see Fig. 1):

L _ ol
titg — P%,, +(1_ﬂ)alAtA 1n
with at/: to = given in Eq. (10). We also assume that
’ _ _ I _ _
taty aJ;BtB atAtA o tBtB taty atBtB :
In Eq. (11), =1 leads to afA ty = at - which corresponds to a
maximum interleaflet coupling, whereas /=0 leads to
=qa Wthh corresponds to no interleaflet

1t ity
coflf;hng 4In the later case (=0), an A4-tail bead in one leaflet

does not distinguish between an 4- and a B-tail bead in the
apposing leaflet.

Simulations were performed at kg7=¢ and a fluid density
The the
%)% and is the same for all interacting pairs.

p=3.0r.". coefficient  of random  force
0,=0=3.0(em/r,
The equations of motion were integrated using the velocity-
Verlet algorithm [36,37] with a timestep, 6=0.0257 where the

time scale 7= (mr/e)"?

. We considered three different system
sizes, with periodic boundary conditions along the three axes,
(60x60x40)r.>,  (90x90x40)r.>,

(125x125x40)r,.>, depending on the size of the lipid domains.

corresponding  to and
These three system sizes correspond to lipid bilayers composed
of 9 000, 20 250 and 39 062 lipid molecules, respectively. The
lipid domains radii that we considered range from 157, to 407..
These three system sizes correspond to lipid bilayers composed
of 9 000, 20 250 and 39 062 lipid molecules, respectively. The
lipid domains radii that we considered range from 157 to 40r..

The simulations were performed by initially preparing a one-
component bilayer, composed of A4-lipids, embedded in solvent
beads and parallel to the xy-plane at height z =L_/2. The system
is then allowed to equilibrate for ~=10%z Partially overlapping
circular domains with equal radii, are then created by switching
all 4-lipids into B-lipids within partially overlapping regions, of
equal radius, R, in the two apposing leaflets.

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 (Left) Illustration of a small portion of the bilayer, indicating the

. . . . / .l
interaction amplitudes between tail beads, of d and ar .
tp 'AB

(11). (Right) shows an illustration of the coarse-grained 4 and B lipids.

used in Eq.

To quantify the kinetics of domains registration, we use the
distance between the centers of mass (CM) of the two domains
in the apposing leaflets,

2 52
Ah = [(xm,, - x,,m) + (ym,, - yb,,,) } , (12)

Where (X;5p.V10p) and (XpoVp0;) are the coordinates of the CM of
the top and bottom domains, respectively.

Recognizing that finite size effects may have an impact on the
kinetics of domain growth, we performed several simulations
for different domain and system sizes. We namely performed
simulations for values of the ratio » = L,/2R ranging between 2
and 5, and found that finite size effects are absent.

3 Results and discussion

In this section, we present results pertinent to the (1) effect of
domain size on the registration process, (2) effect of the initial
separation between domains, (3) effect of interleaflet coupling
on the registration kinetics, and finally (4) the anisotropy of
domains during the registration process.

= D
§ 20p
1o} E ]
F G
G 1 L 1 *
0 2 4 6 8 10
tlot] x10°

Fig. 2 (Top) Snapshot series of two domains undergoing registration
along the x-axis for the case of R=30r., Ah(0)=1.5R, and f=1, Lighter
regions are non-overlapping while the darker regions are overlapping.
(Bottom) The distance between the centres of mass of the domains vs.

time.
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Fig. 3 (a and b) Distance between the centers of mass of the two
domains, A/ , vs. time for domain radii varying between 107, ands 30r..
(a) and (b) correspond to coupling constants f=1 and 0.5, respectively.
(c) and (d) show AZ vs. time for R=15r, and 30 r., respectively. All
graphs correspond to an initial separation Az(0)=1.5R.

3.1 Effects of domain size on the registration process

Here, results are presented for the case where the domains
centers of mass in the apposing leaflets are initially separated
by Ah(0)=1.5R. A sequence of snapshots for the case of R=30r,
and f=1, shown in Fig 2, demonstrates qualitatively that the
apposing domains move towards each other in order to
complete registration. It is interesting to note that during the
registration process, the domains boundaries are considerably
rough and the domains become elongated along the x-axis
(snapshots B-E). Eventually, during the late stages of the
process, the two domains regain their circular shape (snapshots
F and G). Domains anisotropy during the registration kinetics
will be discussed later in more details.

In Fig. 3, Ah versus time is shown for domain radius varying
between 107, and 307, and for =0.5 and 1. Fig. 3(a-b) shows
that the registration timescale increases with increasing domain
size. However, the rate of registration (slope of AA vs. time)
seems to decrease with increasing the domain size. Fig. 3(c-d)
shows that the registration rate increases with increasing the
coupling strength S Fig. 3 also shows that in all cases, Ah
decreases with time linearly during most of the registration
process.

A quantitative comparison of AZ vs. time, from our
simulations, is made with the recent theoretical prediction of
Han and Haataja [28]:

4 | Soft Matter, 2012, 00, 1-3

(13)
Ah(t)=2R sin[arcsir(wj[l L '
2R 7

with the registration time, ~RY/A, is the
interleaflet coupling parameter which is proportional to £ as

and where A

will be shown in Sec. 3.3. Eq. (13) is derived using sharp-
interface limit analyses of a generalized time-dependent
Ginzburg-Landau model for the two leaflets with an interleaflet
coupling while accounting for in-plane hydrodynamics. The
treatment of Ref. [28] assumes that the apposing domains must
have some overlap initially. Unless the initial distance between
the domains is about 2R, the decay of Ak(¢) with time is almost
linear, as depicted by the solid green line in Fig. 4.

While Eq. (13) predicts that full registration is reached when
=11, our simulation results show that AA(¢) crosses-over from a
regime described by Eq. (13) to a slow exponential regime
before 7; is reached, as indicated by Fig. 4. We note the
excellent agreement between our results and Han-Haataja’s
prediction during the first regime despite that domain in the
simulation are highly deformed during the kinetics, while Han-
Haataja’s theory assumes that the domains remain circular. We
note that Pantano et al. [27] also observed a (nearly) linear
decay of Al with time, in their molecular dynamics simulations.
The inset of Fig. 4 shows that the second stage of the
registration kinetics is indeed exponential,

Ah(t) = Ah (Tl)exp[— (t- rl)/ rz] (14)
7
40 .
= 2
30 v, ’
=
< 20
10
00 25 5
t[51]
—r —

Fig. 4 Al vs. time for the case of R=30r., Ah(0)=1.5R, and/=1. Green
solid line corresponds to a fit of the data with Eq. (13) during early
times. The graph shows how the time scale 7 is extracted from the
data. The late stage time scale, o, is extracted from a fit of the data with
an exponential form, Eq. (14), as shown by the inset. Snapshots on the

right show that registration is not yet achieved at 7 =17,

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 (a,b) The relaxation times 7; and 7, as a function of domain
radius R. (a) and (b) correspond to $=0.5 and =0.5, respectively. (c)
shows 77 vs. R for both values of £. The solid blue lines are fits with
AoR*+ A,d. (d) shows 7, vs. R for both values of S The solid lines are
linear fits to the data.

This form of decay implies that the registration process is
thermally driven at late times, when AA(f) is small. We note
that the slow exponential decay at late times is not clearly
discernable in Pantano et al.’s study [27]. It is noted, however,
that the domain size in their work is about 4 nm, much smaller
than the domain sizes in the present study.

The extracted time scales, 7; and 7, from fits of the data with
Eqgs. (13) and (14), are shown in Fig. 5 as a function of domain size
for f=1and 0.5. Fig. 5(a) and (b) show that both time scales increase
with increasing domain size, but that 7; >> 7, implying that the
registration kinetics is dominated by the first regime. Fig. 5(c) shows
that 7; ~R? for both values of S, which is in excellent agreement
with Han-Haataja’s prediction [28]. The large error bars in 7, vs. R
make it difficult to accurately obtain its functional dependence on
the domain size R. However, and as we will see in Sec. 3.3, our data
is more consistent with z; ~R, which implies that 7o/7;—>0 as
R—o0.

3.2 Effects of initial separation between domains

So far, presented results are based on simulations of domains,
which are initially partially overlapped. A question that arises is
whether an initial overlap is necessary in order to achieve
registration. In order to test this, we performed simulations of
domains with R=10r., £=0.5, and initially separated by
AR(0)=2R, 2.1R and 2.25R. Ten independent runs were
performed for each case. Fig. 6 shows that in the case of a
marginal initial overlap, i.e. for AA(0)=2R, registration is
observed in all of the 10 runs. However, while the registration
kinetics begins at about =0 in 7 runs, delays of different
lengths are observed in 3 runs. This delay must be due to the

This journal is © The Royal Society of Chemistry 2012
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Brownian motion of the domains centres of mass and to
capillary fluctuations of the domains interfaces, driving the
apposing domains away from overlap at the beginning. The
same fluctuations can drive the domains closer to each other
and eventual partial overlap. This is then followed by a
registration process driven by interleaflet coupling. We note
that independent of the delay time, the rate of the registration
process is the same for all runs. This is expected since the
registration rate should not depend on the value of the initial

o
0 o
o
% ° o
o ©
i 15 %0 B o ©
30 o 8 o o
i o4 g °
e 0080 8 o
~ °o 8 o %

10

overlap, Ah(0).

Fig. 6 Distance between the two domains centres of mass, Ak(?) vs. time for
different initial separations corresponding to A#(0)=2R (a), 2,1R (b), and
2.25R (c). 10 independent runs are performed for each case. The solid lines
correspond to the marginal distance between domains corresponding to 2R.

Soft Matter, 2012, 00, 1-3 | 5



Soft Matter

ARTICLE

The simulation parameters are as follows: LxL,xL. = (60x60x60) re, R =10
re, and f=0.5.

In the case of Ah(0)=2.1R, full registration is also observed in all
10 runs. However, registration begins at # =0 in 3 runs only in this
case, while a delay is observed in 7 runs. Finally in the case of
Ah(0)=2.25R, which corresponds to a width of the non-overlap
region equal to 2.5r,, registration occurs in 4 runs only. In this case,
Brownian motion of the domains seems to drive them away from
each other.

In Fig. 7, Ah(f) and the number of interacting pairs, N,u(?),
of beads belonging to different domains are shown versus time
for different initial separation distances. Fig. 7 shows a strong
correlation between the onset of registration and the number of
interacting pairs. In particular, as shown by Fig. 7(b and c), the
initial plateau of AA(?) vs. time is correlated with no interacting
pairs. This is particularly clearly demonstrated by Fig. 7(d)
corresponding to a run for the case of A#(0)=2.25R . The results
of this section imply that some initial overlap between the
domains is needed for registration to occur. Otherwise,
registration may occur if domains experience some marginal
overlap due to their Brownian motion and capillary fluctuations

of their interfaces.
3.3 Effects of interleaflet coupling strength

In this section, we will discuss in more details the effect of the
coupling strength on the relaxation time. We first show that the
coupling strength, £, used in the present study is indeed
proportional to the coupling strength, A, in Han-Haataja’s
theory [28]. The energy difference, AE, between the situation of
an A-domain of radius R apposed to a B-domain of same size
(Fig. 8(a)) and the situation of the A-domain in complete
registration with an 4-domain of same size (Fig. 8(b)) is given
by

AE = Ry ~ 7R’ A, (15)
where yis the interleaflet energy between A- and B-domains per unit
of area. Within our framework, this energy difference is given by

_ 2
AE =R (e, —a,,,) (16)
where ¢ is a proportionality coefficient. Using Eq. (11), Eq. (16)
then becomes

AE = é’ﬂRz,B(a;:tB -a,, ) 17)

Eqgs. (15) and (17) therefore imply that 5~ A.

(a)

(b)

Fig. 8 Schematic illustration of (a) an 4-domain (red) with radius R in
the upper leaflet apposed to a lower leaflet composed of B-lipids (blue),

6 | Soft Matter, 2012, 00, 1-3
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and (b) an 4-domain in the upper leaflet apposed to an 4-domain in the
lower leaflet.
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Fig. 9 (a) and (b) show the distance between the centers of mass of the
two domains, A/, vs. £ for R =10r, and R =20r,, respectively. (c) The
time scale of the first regime, 7; vs. £ for R =10r, (solid circles), and 20
7. (solid squares). The solid lines are fits with 4o/ + 4,, where 4, and
A, are integration constants. (d) The time scale of the first regime, z vs.
f for R =107, (solid circles), and 20 7. (solid squares). The solid lines
are guides to the eye. The solid green diamonds correspond to 2z for
the case of R =10r.. Notice the overlap of this with the data for R =20r..
All data here correspond to an initial separation A#(0)=1.5R .

In Fig. 9, AA(¢) vs. time is shown for R=10r, and 20r. in the
case of Ah(0)=1.5R and for coupling strength, 0.1< S <1. Figs.
9(a) and (b) show that the registration is slowed down when the
interleaflet coupling is weakened. The extracted registration
time scale during the first regime is found to decrease with S as
71~1/p, as shown by Fig. 9(c), again in very good agreement
with Han-Haataja’s theory [28].

Fig. 9(d) shows that the extracted time scale 7, of the late-
times exponential regime, also decreases with increasing S but
then becomes independent of S for f > 0.4. The weaker
dependence on £ of 7; than that of 7, is attributed to the fact
that the kinetics of registration during the first regime is
dominated by the surface energy of the domains, as will be
shown in the next subsection, which is strongly dependent on
(c.f. Fig. 9(a)), while the second regime kinetics is dominated
by the line energy of the domains which is independent of £.
Fig. 9(d) also shows that 7, for R=20r, is double that for R=10r
except for very small values of £. This implies that likely »~R,
which the previous Fig. 5(d) corroborates. Thus as the domains
size becomes large, the first regime becomes dominant. We
note that the apparent linear decay of A/ observed by Panatano

This journal is © The Royal Society of Chemistry 2012

Page 6 of 10



Page 7 of 10

et al. simulations [27] might be to the lack of averaging. It is
also expected that it becomes hard to distinguish between the
linear and exponential regimes as R—0.

£=0.001

ane)
anfr]

t[s 1 x10* ! t[%‘t] ¢ x1054 2 t{sl ! x1056
Fig. 10 Distance between two domains vs. time for different values of
coupling strength. The simulation parameters are R =10r., Ah(0)=R, and
L xL,xL~(60x60x60)r.>.

We also tested whether registration occurs for any positive
value of the coupling g or if there is a finite small value of £
below which no registration occurs. A series of additional
simulations were performed for 4=0, 10, and 10, on systems
With R=10r, and AA(0)=R. Results for Ak(f) of three
independent runs for each of the values of £ are shown in Fig.
10. Fig. 10(a) shows that, as expected, no registration occurs for
the case of no interleaflet coupling, /=0. Fig. 10(b) shows that
registration does not occur for finite, but very small values of
the interleaflet coupling. However, registration occurs in all
three runs when =107, although in this case a good amount of
random walk of the domains centres of mass occurs as
demonstrated by the scattered data of each run. We note that
Han-Haataja’s theory, which ignores thermal fluctuations,
predicts that registration occurs for any finite value of £ [28].

3.4 Domains anisotropy during the registration kinetics

Fig. 2 shows that during the registration process, domains
deviate from their circular shape and become elongated along
the axis containing the centers of mass of the domains. In order
to quantify this anisotropy, we calculated the ratio R,/R, where
R, and R, are the extents of the domains along the x- and y-axis,
respectively. In Fig. 11, the anisotropy ratio R,/R, is shown vs.
time for the cases of R=15r. and R=30r,, with f=1. During the
early stages of the registration process, R /R, decreases with
time from the value of 1 at # = 0, corresponding to a circle, to a
value about 0.7, then increases with time towards 1 at later
times. It is interesting to note that the decay in R,/R, occurs
during the first regime during which AA(¢) decay almost linearly
with time. In contrast the increase of R /R,, which corresponds
to the restoration of the shape of the domains to circular shape,
is more correlated with the exponential decay of Ai(f). We note
that the minimum of R,/R, is slightly lower for R=30r. than for
R=15r,, which implies that larger domains exhibit more
anisotropy during the registration process than smaller ones.
We note that in Han-Haataja’s theory, domains are assumed to

keep their circular shape during the kinetics [28].
In the following, we present a thermodynamic argument that

we will use to explain the domains elongation during their

This journal is © The Royal Society of Chemistry 2012
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registration process. We will use elliptical shape as a simple
model for anisotropic domains, and show that the free energy of

1.1
1 Fﬁ*
n:>< 0.9 f
3 Fd
X o8 #
e
5«:.‘9-‘ ~Top, R=15
0.7 i —+—Bot, R=15 |
—a-Top, R=30
« Bot, R=30
O'60 25 5 7.5 10
t[o1] X 104

Fig. 11 Anisotropy parameter R,/R, vs. time in the case of f=1. Purple
and green symbols correspond to the upper and lower leaflets,
respectively for R=15r.. Red and blue symbols correspond to the upper
and lower leaflets, respectively for R=30r..

two partially overlapping elliptical domains (see Fig. 12(b)) is
smaller than that of two partially overlapping circular domains
of same size and separated by the same distance (see Fig.
12(a)). Let A be the line tension and o be the interlayer surface
tension between 4 and B-domains. The free energy of two
equal sizes, partially overlapping elliptical domains with semi-
major and semi-minor axes given by R, and R, and (see Fig.
12), respectively, and separated by a distance A#, is given by

[38],
Fpe 2/17zB (R.+R,)-RR, }

where the first term accounts for the line energy of the elliptical
domains, and the second term accounts for excess surface
energy due to the non-overlapping areas of the domains. In
comparison, the excess free energy of two partially overlapping
circular domains of radius R and separated by the same
distance, Ah, is given by,
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Fig. 12 (a) shows two partially overlapping circular domains of radius
R and separated by distance AA. (b) shows two partially overlapping
elliptical domains with semi-major axis, R,, and semi-minor axis, R,,

and separated by distance A/.
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Fig. 13 Free energy of partially overlapping elliptical domains
vs. A for varying anisotropy parameter R,/R,. Parameters used
are R=15r., A=5.5¢/r., and o =2.9&r.>. (b) shows the free energy
shown in (a) for small values of Ak. The inset in (b) shows a
comparison between simulation and thermodynamic arguments
of the anisotropy parameter R /R, vs. Ah.

The free energy of the elliptical domains versus the distance
separating them, Ak, for the case of R=15r., is shown
systematically in Fig. 13(a), for values of the anisotropy
parameter, R,/R,, varying between 0.1 and 1. This figure shows
that for a separation Ah=22.5 r., the free energy of circular
domains is higher than that of any elliptical domains, and that
domains with R,/R, between 0.1 and 0.2, have a minimum free
energy for Ah=22.5 r.. This is due to the fact that the increase in
line energy, due to the increased perimeters of elliptical
domains, is compensated by an increase in overlap area and
therefore a decrease in the non-overlapping areas.

As the distance between domains is decreased, i.e., as time
proceeds, the free energy is minimized for higher values of
R,/R,, implying that anisotropy is reduced as time proceeds. In
particular, Fig. 13(b) shows that circular domains become
energetically favourable only in the limit of very small domains
separation (Al < r.). Therefore, the thermodynamic arguments
above imply that during the registration process, where A#X
decreases with time, the domains anisotropy should decrease
with increasing time, until a full overlap of circularly shaped
domains is achieved. We note that this thermodynamic
argument assumes that the registration kinetics is slow enough
to allow domains to attain their equilibrium shape. The
thermodynamic arguments above imply that the first regime,
which is characterized by an almost linear decay in Ak is
dominated by the surface energy of the two domains, while the
second regime, characterized by an exponential decay of Ak is
dominated by the line energy of the domains.

In the inset of Fig. 13(b), R/R, determined from the
thermodynamic arguments (solid line) and simulation (circles)
is plotted versus Ah. This figure shows that for small AZ
(corresponding to late times), the simulation data almost
with that obtained from the thermodynamic
arguments. However, a strong deviation is observed between
the simulation data and the theoretical arguments for large
values of AZ (early times). The first reason for this discrepancy
is that the simulations starts with circular domains, and the
domains, and during early times, the domains do not have
enough time to equilibrate their shape while moving closer to
each other. The second reason for this discrepancy could be due
to the fact that the domains in our simulations are in fact not
elliptical, as demonstrated by the snapshots of Fig. 2.

Very recently, Han et al. [39] investigated the effect of
hydrodynamic interaction on the kinetics of registration. In
particular, they found that the domains undergo elongation
during the process of registration if the kinetics is dominated by
membrane viscosity. In contrast, domains remain circular if the
kinetics is dominated by interleaflet friction. A numerical test

coincides
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of this Han et al.’s theory requires a systematic manipulation of
both the membrane hydrodynamic drag and the interleaflet
friction. However, many of the membrane parameters are inter-
related, making it difficult to perform such a test.

4 Summary and concluding remarks

In this results of a

computational

article, we presented systematic

investigation of the kinetics of domain
registration in self-assembled multicomponent lipid bilayers
using dissipative particle dynamics. Our main results are that
the kinetics of registration proceeds through two main regimes.
During the first regime, the distance between the centres of
mass of the apposing domains, Ak, decrease almost linearly
with time, in very good agreement with the recent theory of
Han and Haataja [28]. The second regime is characterized by an
exponential time decay of Ah. The time scales of both regimes
are found to increase with increasing the domain size and
decreasing the interleaflet coupling. In particular, we found that
the time scale of the first regime, 7~R*/f3, where R and S are the
domain size and interleaflet coupling, in very good agreement
with Han-Haataja’s theory [28]. We also found that some
overlap between domains is needed for registration to occur.
Otherwise, registration may occur as a result of Brownian
motion of initially non-overlapping domains. A quantitative
comparison between our simulation results and Han-Haataja
theory is difficult due to the fact that several parameters that
enter the registration time scale cannot easily be extracted from
the simulation. In particular, the interleaflet friction coefficient
and the lipid bilayer’s inplane viscosity cannot be extracted.
Furthermore, some of the parameters are interdependent. For
example, the interleaflet friction coefficient and the interlaflet
cupling strength should be related, and therefore cannot be
varied independently.

During the process of registration, domains are stretched

along the direction separating their centres of mass. Their
anisotropy parameter, defined as the ratio between their minor
and major axes, R/R,, initially decreases with time from 1 to a
value about 0.7 then increases back to 1 at later times. The
anisotropy generated by registration kinetics is the result of
competition between the domains line energy and surface
energy between unlike domains.
As mentioned earlier, domains in lipid membranes are almost
always registered. This can be understood using the following
argument: Consider a multicomponent membrane undergoing
phase separation kinetics, as a result of their Brownian motion
and coalescence, the average domain grows as R~¢"" [20,21].
Partial overlap between domains in the apposing leaflets will
lead to their quick registration with a time scale #,, ~ R?, which
is less than the coalescence time scale. Therefore, domains
undergo registration during the early stages of the phase
separation process, making it almost impossible to see large
non-overlapping domains.
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