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Abstract

We present a theoretical approach to the study of flexible membrane inclusions and
membrane inclusions induced by rigid membrane-embedded proteins. We derive the
contribution to the free energy of the membrane bilayer for both kinds of inclusions.
For flexible membrane inclusions, the phenomenological interaction constants that
appear in the free energy expression depend on the physical and geometrical properties
of the molecules that constitute the inclusion. The cases of constrained and uncon-
strained local shape perturbations of the membrane around a rigid membrane inclusion
are discussed. The total free energy of membrane bilayer with membrane-embedded
inclusions (membrane nanodomains) is derived.

* Corresponding author. Tel.: 4386 41 720766; Fax: 4386 1 4768850;
E-mail address: veronika.kralj-iglic@fe.uni-lj.si (V. Kralj-Iglic).

! Laboratory of Physics, Faculty of Electrical Engineering, University of Ljubljana, Trzaska 25, SI-1000 Ljubljana, Slovenia
* Laboratory of Clinical Biophysics, Faculty of Medicine, University of Ljubljana, Lipi¢eva 2,
SI-1000 Ljubljana, Slovenia

Advances in Planar Lipid Bilayers and Liposomes, Volume 7 © 2008 Elsevier Inc.
ISSN 1554-4516, DOTI: 10.1016/S1554-4516(08)00006-9 All rights reserved.

143


mailto:veronika.kralj-iglic@fe.uni-lj.si

144 M. FoSnaric et al.

1. INTRODUCTION

Membrane inclusions are important functional building blocks of biological
membranes. As an addition to the lipid bilayer(s), they can significantly increase the
complexity and alter the physical properties of biological membranes.

In this work, we divide membrane inclusions into two groups. In the first are
flexible membrane inclusions, which are small complexes composed of proteins and lipids
where the proteins are often chain-like biopolymers that cross the membrane bilayer a
few times (Fig. 1A) [1]. Membrane nanodomains and raft elements of biological
membranes usually fall into this category. The second group are membrane inclusions
(membrane nanodomains) induced by a single rigid globular membrane protein, which can
be described in the first approximation as a rigid object of a simple geometrical shape
(Fig. 1B) [2]. Some of the membrane-embedded peptides may induce such inclusions
(nanodomains). The scope of this contribution is to derive a single-inclusion energy
for both kinds of biological inclusions (i.e., membrane nanodomains).

2. FLEXIBLE ANISOTROPIC MEMBRANE INCLUSIONS

Thin surface of the membrane is in general anisotropic with respect to the
curvature of the normal cuts [3—5] and can attain various equilibrium shapes that are
not flat or spherical [6].

Figure 1 Schematic illustration of membrane inclusions (shaded area): a flexible membrane
inclusion (A) and a membrane inclusion induced by membrane-embedded rigid protein (B).
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The local shape of the membrane surface is described by two principal curvatures C,
and C, (Fig. 7). The flexible membrane inclusion is treated as a small two-dimensional
flexible plate with area ay. The inclusion is in general anisotropic; therefore, its intrinsic
shape can be described by the two intrinsic principal curvatures, Cy,, and Cs,,, (Fig. 2)
and by the in-plane orientation of the inclusion in the membrane (Fig. 3).

Accordingly, we define the elastic energy of a small plate-like membrane
inclusion (1) with area ag as the energy of the mismatch between the actual local
curvature of the membrane and the intrinsic (spontaneous) curvature of the inclu-
sion. Therefore, we define the tensor [5] M = R C,, R™! — C, where the tensor C
describes the actual local curvature, the tensor C,, describes the intrinsic curvature of
the protein (Fig. 2), and

(1)

R — cosm —sinw
sin Cos

is the rotation matrix (see also Fig. 3). In the respective principal systems, the
matrices that represent curvature tensors include only the diagonal elements:

Cim>0 Cym=0 Cim>0
Con=0 Con=0 Con<0

= — N\

Figure 2 Schematic illustration of the most favorable shapes of flexible membrane inclusions
having different values of their intrinsic (spontaneous) curvatures Cj,, and Cyy,.

Figure 3 Schematic illustration of different orientations of a flexible membrane inclusion with
intrinsic principal curvatures Cy,,, > 0 and C,,,, = O (see also Fig. 2). The shape of the membrane
is cylindrical (C; > 0 and C, = 0).
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— C1 0 _ C1m 0
- |: 0 C2:|7 Qm_ |: 0 C2m:|. (2)

The principal systems of these two tensors are in general rotated in the tangent plane
of the membrane surface by an angle @ with respect to each other (Fig. 3).

The elastic energy of the inclusion per unit area (w) should be a scalar quantity.
Therefore, each term in the expression for w must also be a scalar [7], that is, invariant
with respect to all transformations of the local coordinate system. In this work, the
elastic energy density w is approximated by an expansion in powers of all independent
invariants of the tensor M up to the second order in the components of M. The trace
and the determinant of the tensor are taken as the set of invariants [5, 8]:

@)

K
w= g+ (TeM)? + KpDet M, (3)

where p is the minimal possible value of w, while K; and K are constants. For the
sake of simplicity, p, = 0. Taking into account the definition of the tensor M, it
follows from Egs. (2) and (3) that the elastic energy of the flexible membrane
inclusion can be written as:

E = ay(2K; + K3)(H — H,,)* — agKy(D? — 2DDycos2w + D2),  (4)

where
1
n=1l(c +c, 5
is the membrane mean curvature,
1
p=lia-cl (6

is the membrane curvature deviator, H,, = (Cy,,, + Cay,)/2 is the intrinsic (sponta-
neous) mean curvature, and Dy, = |Cj, — Cop|/2 is the intrinsic (spontaneous)
curvature deviator.

It can be seen from Eq. (4) that the material properties of an anisotropic flexible
membrane inclusion can be expressed in a simple way by only two intrinsic
curvatures Cp, and Cpy, and constants Ky and K. Figure 2 shows a scheme of
a cylindrical, flat, and saddle-like intrinsic (spontaneous) shapes of the flexible
membrane inclusions.

The values of the membrane mean curvature H = (Cy + C,)/2, the curvature
deviator D = |C; — C,|/2, and the orientation angle of the inclusion @ that corre-
spond to the minimum of the function E for given values of H,, = (Ciy, + Con)/2
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and Dy, = |Ciy — Com|/2, can be calculated from the necessary conditions for the
extremum of the function E [8]:

OE
— =2ay(2K; + K3)(H — Hy) =0, 7
SH ap (2K + Kz)( ) (7)
9E _ _k (2D — 2D, cos2w) = 0 (8)
= — - m w) =Y,
oD 20 >
OE .
= —44yK,DD,, sin2m = 0, (9)
ow

and the sufficient conditions for the minimum of E [9]:

O’E
@ == 2a0(2K1 —+ Kg) > O, (10)

OE\ (O’E PE \° 2
a2 \ar2) ~ \sgap) = ~HewKi+Ke) >0, (11)

(325) (825> ( OPE )2]

2 2]

oD? ) \dw 0DOw (12)
, 0°E
" OH?
where it was taken into account that °E/OHOD =0 and 0*E/OHOw = 0.

Considering only positive values of w, it follows from Eqgs. (7) to (9) and (12) that
at the minima of E:

0’E
OH?

= 16K22a (DDp,cos2m — Disin22a)) > 0,

H=H,, D=D, w=0mr, (13)

and [8]
K > —K2/2, K, < 0. (14)

If flexible membrane inclusions have Cj,, > 0 and C,,, = 0 (see Fig. 2), the
energetically favorable membrane shapes would be tubular or collapsed tubular
(in the form of a twisted strip—helix A, see Fig. 4). For Cy,;, > 0 and Gy, <0
(see Fig. 2), the favorable membrane shape would be saddle like (constituting the
neck connecting the daughter vesicle and the parent cell) or the collapsed tubular,
twisted in the form of a helix B strip (see Fig. 4 and [5]).

The flexible membrane inclusion adapts its shape in order to fit its curvature to
the actual membrane curvature (which is also influenced by inclusions). Since all
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Helix A Helix B

Figure 4 Schematic presentation of a helical (A and B) configuration.

orientations of the single flexible inclusion do not have the same energy [see Eq. (4)],
the partition function of a single inclusion can be written in the form:

Q= iE exp (— %) do, (15)

with @ as an arbitrary angle quantum. The free energy of the flexible membrane
inclusion is then obtained by the expression f; = —kT InQ. Combining Eqs. (4) and
(15) allows us to write the free energy of a single flexible membrane inclusion up to
the constant as:

fi= (2K, + K3)(H — Hy)’ap — Ky(D? + D)y

16
kT 1n(10 <%>) (16)
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By knowing the equilibrium density distribution of the membrane inclusions
over the membrane [10], the contribution of the inclusions to the overall mem-
brane’s free energy can be attained by integration of Eq. (16) over the whole
membrane surface. This possibility makes the above described approach an efficient
theoretical tool to study equilibrium (closed) shapes of membranes with (in general
anisotropic) membrane inclusions [11-13].

3. MEMBRANE INCLUSIONS INDUCED BY THE
RiGID MEMBRANE-EMBEDDED PROTEIN

3.1. Perturbation of Lipid Molecules Around Rigid
Membrane-Embedded Proteins

A rigid protein, intercalated in the lipid bilayer, perturbs the structure of the
surrounding lipids. Therefore, we can define the membrane inclusion as the embed-
ded rigid protein and the surrounding lipids that are significantly distorted due to the
presence of the embedded rigid protein [11]. The energy of such membrane
inclusion induced by an embedded rigid protein is therefore mainly attributed to
the change of the energy of the surrounding lipids. The energy of lipid molecule
depends on the particular sequence of trans, gauchet, and gauche™ orientations along
the lipid chain, the van der Waals interactions of lipid chain with its neighbors, steric
repulsion between hard cores of each atom of neighboring lipid chains, and ionic
interactions between polar lipid headgroups [14, 15]. The change in the ordering of
lipids that surround the rigid protein leads to an indirect lipid-mediated interaction
between two rigid proteins when they approach each other [15]. If the two proteins
are close enough, the total lipid perturbation decreases, which may result in a net
attractive force between the membrane-embedded rigid proteins and therefore in
their aggregation [15].

Cone-like rigid proteins [2] are characterized by a cone-angle onto which
the membrane shape has to adapt. The mesoscopic-level description of the mem-
brane identifies the rigid protein’s cone-shape with a local discontinuity in the
membrane curvature field. On a more microscopic level, another degree of freedom
of the membrane becomes significant, namely the t#ilt of the lipid molecules [16, 17].
Helfrich and Prost [3] have shown that symmetric lipid bilayer may exhibit an
intrinsic bending force if the lipid molecules are collectively tilted.

However, membrane perturbations that involve lipid tilt are often short-ranged,
with a characteristic length extending over a few lipids. Lipid tilt is thus important
for processes where the local membrane geometry changes over short distances such
as for non-bilayer lipid phases [18, 19], or for the periodic “ripple”” phase [20-22].

In the theoretical works cited above, the membrane-embedded rigid proteins
exhibit cylindrical symmetry about their axis normal to the membrane, that is, they
are isotropic. More general, if cylindrical symmetry of rigid membrane protein is
absent (Fig. 5), the membrane inclusion free energy depends on the protein’s in-
plane orientation within the membrane. The intrinsic shape of the rigid protein is
then characterized by two intrinsic principal curvatures, Ci, and Cpy,. The lateral
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Figure 6 Schematic illustration of the lipid bilayer of prescribed spherical curvature
(C=Cy = C, = H = 1/R,) defined at mesoscopic scale level. The intercalated rigid protein has
conical shape. In the case A the local membrane shape does not differ from the mesoscopic spherical
curvature of the membrane (c), while in the case B also the local microscopic (nano-scale) mem-
brane shape perturbation of the spherical surface with curvature ¢ is induced due to the presence of’
the rigid protein. In the case B lipids accommodate to the intrinsic shape of the intercalated rigid
protein through the curvature deformation and via changes in lipid tilt, while in the case A lipids
accommodate to the protein intrinsic shape via changes in lipid tilt (adapted from [28]).

organization of anisotropic proteins can be quite complex, ranging from chain-like
assembly [23], saddle-like membrane regions [11] to periodic pattern formation [24].

Within the standard theory of elasticity of lipid bilayer, its elastic energy is
decomposed into contributions due to area stretching, tilt of the lipid molecules,
local bending, and non-local bending [16, 25, 26]. On a mesoscopic-scale level, the
local and non-local bending energies can be described in terms of its two local
principal membrane curvatures C; and C, [25, 26]. The question arises, how the
elastic behavior of a membrane bilayer is affected by membrane-embedded rigid
proteins, if the local microscopic membrane shape perturbation (at the nano-scale
level) due to each individual protein is taken into account (Fig. 6). In general, the
theoretical description of local microscopic perturbations of lipid molecules around
the intercalated rigid protein falls in between the two limiting cases.

In the first case, the membrane intercalated rigid proteins are distributed over the
whole membrane surface or at least over a large portion of it (see also [1]). Therefore,
possible local microscopic perturbations of the membrane shape around each of the
rigid proteins (as schematically shown in Fig. 6B) would greatly increase the non-
local bending energy of the bilayer membrane. This energy contribution, also called
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the relative stretching energy (since it originates from different stretching of
both monolayers during bending of the bilayer at constant average membrane
area) [25—27], can be written as

W, = kaA((H) — Hy)?, (17)

where (H) = %fHdA is the average mean curvature, H = (C; + C,)/2, Hy is the
spontaneous mean curvature [12], k, is the non-local bending rigidity [27], A is the
membrane area, and dA is the membrane area element. For a closed, nearly flat
bilayer membrane (where (H) ~ 0, Hj = 0), with N homogeneously distributed
intercalated rigid proteins, the membrane’s non-local bending energy W, can be
approximately written as [28]

Wh 2 kyA(N(H), — NH,)? < N?, (18)

where Hp, and <H>p refer to the disturbed membrane patch around single

membrane-intercalated rigid protein (Fig. 6B). Since the energy I, increases
quadratically with the total number of membrane-embedded rigid proteins, the
local microscopic perturbation of the membrane shape around each of the inter-
calated rigid proteins (Fig. 6B) would be energetically less favorable for large enough
N than the locally unperturbed membrane shape where the lipids accommodate to
intrinsic shape of rigid protein predominantly via changes in the lipid tilt (Fig. 6A).

In the opposite limit, the membrane region with intercalated rigid proteins is
spatially confined (i.e., small) and in contact with a reservoir of relaxed lipid bilayer.
Therefore, the lipids surrounding the intercalated rigid protein are free to adjust their
conformation also by perturbation of the local membrane shape, as schematically
shown in Fig. 6B.

In biological membranes, the majority of the membrane proteins are laterally
distributed over the whole membrane area. In addition, the number of the mem-
brane proteins (N) is very large. Therefore, the first scenario, that is, the case of
constrained microscopic deviations of the membrane shape around the intercalated
rigid inclusions (Fig. 6A), seems to be more relevant [see also Eq. (18)].

3.2. Energy of Membrane Inclusion Induced by a
Single Rigid Membrane Protein

Coupling between non-homogeneous lateral distribution of membrane-embedded
rigid proteins and membrane shapes may be a general mechanism of generation and
stabilization of highly curved membrane structures (spherical buds, membrane
necks, thin tubular membrane protrusions) [11, 12, 29-32].

On the phenomenological level, membrane bending may couple energetically to
the local density of membrane-embedded rigid proteins by introducing the
composition-dependent local bending constant and spontaneous curvature. The
underlying model (including also the direct interactions between rigid protein and
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configurational entropy of rigid proteins) was suggested by Markin [29] and used in
subsequent applications [33]. Leibler [34] proposed a similar thermodynamical model.

Another theoretical approach starts from a phenomenological expression for the
energy of a single membrane inclusion induced by intercalation of the rigid protein
[10, 11] where the term inclusion is used for an entity consisting of the embedded
rigid protein and lipids that are significantly distorted due to the presence of the
embedded rigid protein [11] (see also Fig. 1B).

It is proposed that the energy of such inclusion derives from the mismatch
between the local shape of the membrane and the intrinsic shape of the
membrane-embedded rigid protein. The local curvature of the membrane is repre-
sented by curvatures of all possible normal cuts of the surface through the site of the
inserted rigid protein. The energy of a single inclusion induced by intercalation of
single rigid protein is then given by a phenomenological expression consisting of
two terms [11],

f o ) f* 21 d 2
E:EJO (C— Cu) dw—i_ﬁjo (@(C— Cm)) dip, (19)

where & and &* are positive interaction constants, C is the curvature of the
membrane normal cut that is for an angle ¥ rotated in the principal axes system of
the membrane surface, C, is the curvature of the normal cut corresponding to the
protein intrinsic shape in the same direction. The first contribution takes into account
the differences of the curvatures of the normal cuts of the two systems while the
second contribution takes into account the coupling between the neighboring
curvatures of the normal cuts of the two systems.

The orientation of the membrane-embedded rigid protein is described by
considering that the principal directions of the membrane surface are in general
different from the principal directions of the protein intrinsic shape. The mutual
orientation of the two systems is determined by the angle . We consider the Euler
equations for the curvatures of the respective normal cuts of the continuum

C = Cy cos’Y + Cysin®y (20)
and
Cm = Cim cos? (Y + @) + Cop sin® (Y + ), (21)

where C; and C, are the principal curvatures describing the local shape of the
surface (Fig. 7), and Cyy, and Cyy, are the principal curvatures describing the intrinsic
shape of the membrane-embedded rigid protein.

By performing the integration in Eq. (19), we get

+ *
E:.“m"'g(l_l_Hm)z‘l'é 46

(D* — 2DD,, cos2w + D2),  (22)
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Figure 7 Schematic illustration of the two principal curvatures of membrane surface.

where g, is the constant, H = (C; + C;)/2 is the mean curvature,
D =|C; — G,|/2 is the curvature deviator, while H,, = (Ciy + Con)/2 and
D,, = |Cim — Com|/2 are the intrinsic mean and deviatoric curvatures that reflect
the preferred local macroscopic membrane curvature of the membrane-embedded
rigid protein. The membrane inserted protein is called isotropic if Cy, = Cop,
while it is called anisotropic if Cyp,, # Coy,. Figure 8 gives a schematic presentation
of different intrinsic shapes of inserted rigid proteins.

At this point, let us stress that the energy of a single membrane inclusion induced
by membrane-embedded rigid protein (Eq. 22) 1s mathematically equivalent to the
energy of a single flexible membrane inclusion (Eq. 4). Combining both equations
yields relations between the interaction constants, ¢ = 2a9(2K; + K;) and
& = —2ay(2K; 4 3K5). However, the origin of the interaction constants can be
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Isotropic constituents

90°

Cim= Com i Cim=Con>0
90°

Cim= Com —dﬁ‘_) Cim=Com<0

Cim= Com —di Cim=Com=0

Anisotropic constituents

90°

Cim# Com —dﬁ‘—> Cim>0,Con=0

90°
Cim# Com Cim=0,Com<0

90°
Cim# Com —d§‘_> Cim>0, Con<0

Figure 8 Schematic illustration of different isotropic and anisotropic shapes of the membrane-
embedded constituents (rigid proteins). The intrinsic shape of the protein is characterized by two
intrinsic principal curvatures Cj,, and Cyy,.

different in each case. Namely, in the case of a membrane inclusion induced by the
membrane-embedded protein, the interaction constant originates in the deforma-
tion of the lipids surrounding the rigid protein, while in the case of a flexible
membrane inclusion, the biopolymer(s) itself is (are) also deformed.

The maximum and the minimum of E;(w) are for protein orientation angle
® = 0 and w = 1/2, respectively. The single inclusion energy (Eq. 22) comprises
the contribution due to deformation of the lipids that surround the intercalated
protein (Fig. 6) [10, 11, 35].

The possible microscopic (nano-scale) perturbations of the membrane shape
around the intercalated rigid protein (Fig. 6B) are not explicitly taken into account
in Eq. (22), but rather hidden in the phenomenological constants u,, &, £, Cyp,,, and
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Con (or Hy, and D) (Fig. 8), where it is assumed that the distorted regions of lipids
of the neighboring proteins do not overlap.

The concept of the single inclusion energy was taken as a base for a self-consistent
description of equilibrium shapes of a closed bilayer vesicle and the related lateral
distribution of intercalated inclusions [10, 11, 36]. In accordance with previous results
[29], clustering and lateral phase separation of the inclusion has been predicted [1].

Within the above described phenomenological (mean-field) approach, the influ-
ence of membrane-embedded rigid proteins on the elastic properties of the lipid
bilayer can be calculated in terms of the properties of the host membrane and the
properties (geometry) of the intercalated rigid proteins. The non-homogeneous
lateral distribution of the isotropic rigid proteins are an internal degree of freedom
that lowers the equilibrium free energy of the membrane and in this way contributes
to the decrease of the local bending modulus k. [10, 34, 36]. The change in the
membrane elasticity depends linearly on the density of membrane-embedded rigid
proteins. In the case of anisotropic rigid proteins, their rotational ordering is another
internal degree of freedom, which additionally decreases the membrane local
bending constant [11, 35].

4. ESTIMATION OF THE MODEL PARAMETERS

4.1. Basic Model

In the previous section, we derived the expression for the energy of the membrane
inclusion (membrane nanodomain) induced by the membrane-embedded rigid
protein. In this subsection, the phenomenological parameters describing the single
inclusion energy H,,, Dp,, and & [see Eq. (22)] are estimated using a simple theoreti-
cal model describing the elasticity of lipid bilayer [13].

In this analysis, we assume that the local microscopic shape deformations of the
membrane around the membrane-embedded rigid protein are constrained (Fig. 6A)
and the lipids accommodate to the intrinsic shape of rigid protein only via changes in
the lipid tilt. This corresponds to the biologically relevant case of the membrane
proteins that are distributed all over the cell membrane.

Let us consider a single cone-like rigid protein. To render the induced inclusion
anisotropic, we introduce a dependency of the cone angle 0 = 0(w) on the
azimuthal angle o (Fig. 9). For small variations of 0, we can write

0(w) = 0 + A0 cos(2m), (23)

where 0 is the average “cone-ness” of the protein and A# is the corresponding
deviator.

The rigid protein is embedded in a lipid bilayer of mean and deviatoric curva-
tures H and D, respectively. Hence, according to the lemma of Euler, the curvature
measured in the radial direction of the inclusion, at azimuthal angle w, is

C(w) = H 4 Dcos(2w) (24)
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Membrane

Figure 9 Schematic illustration of a protein in the membrane for the model of constrained (dark
gray—in front) local shape perturbation from Section 5.2, and unconstrained (light gray—in
back) local shape perturbations from Section 5.1. For anisotropic inclusions, the cone angle 0
depends on the azimuthal angle w.

Formally, the protein-induced perturbation free energy of the lipid bilayer can
be expressed as an integration of the free energy density E(w) per unit length of
the circumference of the inclusion’s core, L = 27r,, where r, is the radius of the
inclusion’s core (i.e., rigid protein): E = fLEdL = (L/ZR)IE(CO)CICO (see Fig. 9). For
sufficiently large radius ry, we expect that E = E[C(w), O(®)] depends only paramet-
rically on @, namely via the relations C(w) and 6(®). More generally, E should also
depend on the derivatives of C(w) and 0(w) with respect to @. This additional
dependence should become relevant if the radius ry were smaller than the characteris-
tic decay length { of membrane perturbations. Using membrane elasticity theory, the
characteristic decay length { has recently been calculated [37] for a planar (C = 0)
lipid layer in contact with a wall tilted by an angle 6; it depends on the thickness of the
lipid bilayer, the lateral stretching modulus, and the tilt modulus (x;). Typical values
for a lipid monolayer [13] yield { = 0.9 nm. Hence, assuming that ry > {, we can
write

e, JE[C(@), 0(c)]doo (25)

In this case, E can be calculated using a one-dimensional model for the elastic
interaction of a lipid layer with an infinitely extensive, rigid wall. Such model has
frequently been suggested in previous works [37, 38] and can be generalized to a
bent lipid layer of curvature C [13],

Ko

E(C.0) =52

(0 — Cr)* + (Cy — C)(0 — Cny), (26)
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where x is the bending stiffness of the lipid monolayer and Cj is the spontaneous
curvature.

After inserting 6(w) from Eq. (23) and C(w) from Eq. (24) into Eq. (26), the
comparison of the obtained expression with Eq. (22) yields [13]:

01+ {Co AQ(%"‘()
Hyq =— Dy = — 27
A 0 (Vo —|—ZC) +1’0—|—2C 5 10 10 —|—2€ ( )

¢ = 2mi2K, (%0 4 2), £ =0 (28)

This confirms the expectation that the shape of the inclusion’s core (i.e., the
shape of membrane-embedded rigid protein) is incorporated in the expressions for
the spontaneous mean curvature and the spontaneous curvature deviator so that
Hy1 = Oy and Dy, 1 = AOfry, respectively. Note the strong dependence of the
interaction constant & ~ rg on the protein radius (for 7>>{); this is a consequence
of both the rigidity of the protein (contributing ~ 12) and the linear increase of the
circumference with ry. Dependence of & on the protein radius (ry) is plotted in
Fig. 12 for the characteristic decay length { = 0.9 nm.

Note also that the last relation in Eq. (28), £* = 0, follows from our assumption
that the rigid protein has a sufficiently large radius that E does not depend on the
derivatives of C(®) and 6(®) with respect to .

4.2. Advanced Model

In this subsection, we introduce more advanced theoretical model in order to
estimate the constants H,, and £, where now the tilt deformation is explicitly
taken into account [28]. In the model from Section 5.1, the tilt degree of freedom
enters the model only through the characteristic decay length (.

In the model [28] we consider a lipid membrane that consists of two opposed
monolayers, an external (E) and an internal (I) one. Both monolayers are described
by a height profile, g and /iy, and by their local directors (unit vectors), tg and ty, that
describe the average orientation of the lipid chains (see Fig. 10).

The elastic free energy per unit area, f g, of the external monolayer can be written
up to quadratic order in hg and tg as

A K

fe=3

K
+ 5 (Vx te)” + K det hg

B
(Vte)” + 5t — Vi) 45 (b = )’ + 5 (Ahe)’ -
29

The first term in Eq. (29) characterizes the splay energy of the lipid chains with
being the corresponding splay modulus. The second term accounts for the energy
cost of tilting the director tg away from its orientation normal to the surface hg; the
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Figure 10 Illustration of a perturbed lipid bilayer with indicated local directors tg and t; and
height profiles /r and h of the external and internal leaflet, respectively. The average height of
the bilayer is h = (hg + h;)/2. Two lipid molecules are shown schematically (adapted from [28]).

prefactor k. is the tilt modulus [42]. Thickness changes of the monolayer are
accounted for by the third term where B is the compression modulus and h is the
height of the reference surface with respect to which the compression/expansion of
the monolayer is measured. It is reasonable to assume that for given membrane
thickness hg — hy, the thickness of each monolayer is allowed to relax; this specifies
h = (hg + h1)/2 to be the average height profile of the bilayer. The fourth term in
Eq. (29) expresses the bare bending energy of the external monolayer with
corresponding modulus kj,. Note that this term is distinct from the splay energy;
only for k, — oo splay and bare bending refer to the same deformation. While the
splay energy mainly accounts for the splay deformation of the lipid chains, the
bending term originates predominantly in the headgroup region of the monolayer.
For example, the electrostatic contribution to the bending modulus contributes
entirely to k. One might therefore refer to the modulus ky, as the head group
contribution to the bending stiffness. The last two terms in Eq. (29) describe the
energetic contribution of a twist deformation of the chains (with corresponding
modulus K) and of a saddle deformation of hg (with the modulus ¥).

Starting from f > we obtain the elastic free energy of the internal leaflet f » by
replacing hg — hy and tg — —t; (the minus sign in the latter reflecting the opposite
orientation of the two opposed monolayers). Hence,

A K, K B K
fi= 2V x ) 4+ =t + Vi) + = (hy — h)* + = (Aly)?
2 2 2 2 (30)
K 2
+E(V X t[) +Ed6tl’l[’,‘j
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The elastic free energy of the lipid bilayer per unit area f b 1s then

fu=Se+f1 (31)

At this point it is convenient to switch to a new set of variables, namely to the
average shape h and thickness dilation u, defined through hg = h+wuandhy =h —u
(see also Fig. 10). Similarly, we define the average director t and the difference
director d via the relations tg =t +d and t; =t — d. This allows us to express
fi1 =S T fan as the sum of the two independent contributions [17]

foo = 1(V x t)° + x(t — Vu)® + Bi® + 1y, (Au)?

5 _ (32)
+ K(V x t)” + 2 K detu;

and

Fan = 1(V x d)* + 1(d — Vh)* + 1, (Ah)?

5 (33)

+ K(V x d)” + 2K det hy;
The two contributions can be treated separately. The first one depends on the tilt
difference t and thickness dilation # which is relevant for proteins with up-down
symmetry including the case of hydrophobic mismatch. The corresponding rigid
protein-induced deformation is short-ranged and has been studied intensively in the
past [39, 40]. In the present chapter, we focus our interest entirely on the second
contribution (namely Eq. 33). In other words, we consider membrane deformations
due to isotropic, cone-like rigid proteins with no hydrophobic mismatch (implying
fw =0). We thus seek to minimize the overall elastic free energy Fy, = [fy,da
where da = dxdy[1 + (Vh)2]1/ % denotes the area element of the lipid bilayer. The
corresponding Euler-Lagrange equations pertaining to Fy, are

Kke(d — Vh) — ., V(V x d) + KV x (V xd) =0
ki Vi +1(V xd—Ah) =0 (34)

To make the model tractable analytically, we assume a cylindrical symmetry
around a rigid protein. In other words, we are in this subsection only interested in
inclusions (i.e., membrane nanodomains) induced by isotropic membrane-
embedded rigid proteins. Also, we adopt a cell model, that is, we assume that the
inclusions are homogeneously distributed over a membrane segment of prescribed spheri-
cal curvature (¢ = ¢ = ¢), defined at the mesoscopic level. The cell model starts
from a hexagonal arrangement of spatially fixed cone-like inclusions of (average)
radius ry [28] (see Fig. 11). The radius R of the unit cell (see Fig. 9) then defines the
(uniform) area fraction m = 12 /R? of rigid proteins in the membrane segment. Our
aim is to characterize—at the mesoscopic scale—the bending stiffness of a rigid
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Top view:

Protein

Cross-section:

Figure11 Top view: Schematic illustration of a hexagonal array of laterally fixed isotropic cone-
like membrane-embedded rigid proteins (shaded circles). The unit cell around each protein is
approximated by a circle. The membrane shape in the cross-section is also given. The shaded
cones represent cross-sections through the inclusions (adapted from [28]).

protein-containing membrane patch with prescribed sphere-like membrane curvature.
Hence, the membrane curvatures at the boundaries of each unit cell are fixed to be
¢ = ¢ = ¢, where ¢ is the sphere-like (mesoscopic level) membrane curvature. The
fact that the curvatures at the cell boundaries are all equal is a consequence of both
the symmetry of the deformation and the isotropy of the protein. The local,
microscopic, membrane shape perturbation within the unit cell is allowed to
minimize the membrane free energy (see also Fig. 11).

Equation (34) can be solved analytically for cylindrical symmetry and the
corresponding free energy Fg, can be calculated. This derivation is explained in
detail elsewhere [28], here we discuss only the dependencies of the constants H,,, and
& [see Eq. (22)] on the parameters of the microscopic model.

In the model presented in Section 2, the single inclusion energy [Eq. (22)]
induced by an isotropic rigid protein (D,, = 0) in a spherical membrane curvature
field (H = ¢ = const. and D = 0) simplifies to:

E= 45 (H— H,) (35)

where curvature ¢ is defined at the mesoscopic level. In other words, the possible local
microscopic curvature deformation around the rigid protein (Fig. 6B) is not shown
directly in ¢, instead, it is hidden in the phenomenological parameters & and H,,.

By comparing Eq. (35) with the free energy Fy, from the model described above,
we can obtain the relations [28]
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1+ Kpe
b, o U)o (36)
Krel
é = nRzKOKrel' (37)

Here K is the (local) bending stiffness of the (rigid protein-free) lipid bilayer, R is the
radius of the cylindrically symmetric unit cell (Fig. 11), ¢ is the spontaneous
curvature of the rigid protein-containing membrane, and #, is the relative change
of the bending stiffness x due to the presence of the rigid proteins in the membrane
bilayer; namely K,q = k/Ky — 1. The expressions for ¢ and K. can be derived
analytically [28]. In the compact form they can be written in terms of the relative cell
size p = (R/n)” — 1 and the quantities

772 :K_7 (38)

- (4 (K
== (K—h) +1, (39)
P — (40)

()

and
P 2 (R/é)Kl(Vo/(g) - 11(1’0/§)K1(R/§)
fo It (R/C)Ko(r0/C) + Lo (ro /) Ki(R/C)

where I, and K, give the modified Bessel functions of the first and second kind,
respectively. We find that

(42)

Oy 1+ p(1+2)+ Poan{1 — 7*[1 + p(1 + )]}
and
11— PPl +ai
o n~(1 +a7) (44)

T 1+ap+ (1 —aitp)
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Local stability condition implies Ky > —%/2 > 0 [12, 41] (where Ky and K are
local bending (splay) modulus and saddle-splay (Gaussian) modulus, respectively);
therefore, —0.5 < @ < 0. The estimated values of , [42, 43] yield { ~ 0.2nm.

The above expressions contain the microscopic membrane shape perturbations
around a rigid protein through curvature deformation and through changes in lipid
tilt (Fig. 6B). However, the model described in the present subsection can also be
used for a biologically important case of restricted local shape perturbations
(Fig. 6A). Relations for Hy, and & [Egs. (36) and (37)] remain the same, but the
expression for the relative bending stiffness becomes

1 1
o= i s )

where the function P is the same as in Eq. (42), with { now being replaced with

(.= C(Kh - OO):
_ K, —1/2
()" 4o

Relations (22), (36), and (37) are valid only as long as local deformations around the
membrane-embedded neighboring rigid proteins do not overlap. Otherwise the
interaction constant ¢ [Eq. (22)] would depend on the area fraction of proteins
(m = 13 /R?) in the considered membrane patch. For the case of unconstrained local
shape perturbations around the rigid proteins (Fig. 6B) the above relations are valid up
to a certain value of the area fraction of the proteins. For most of the relevant cases, the
actual area fraction of rigid proteins (m) is well below this value.

In the case of restricted local (microscopic) shape perturbations around the rigid
protein (Fig. 6A), the decay of lipid (tilt) deformation around the protein is
exponential (i.e., short-ranged). Therefore, the overlapping of the short-ranged lipid
deformations around neighboring proteins becomes important only if the proteins are
very close. Consequently, the interaction constants (¢, &*, H,, and D,,) depend on
the local density of the inclusions only for very large m.

For small values of m, we can expand the expression for ¢ [Eq. (37)]. For
unconstrained local membrane shape relaxation (Fig. 6B), we get

_mwo | 202000+ @) Ka(ro/0)
1—a 1 Ko (/) ,

¢ (47)

whereas the case of constrained local membrane shape relaxation (Fig. 6A) yields

¢ = mg;col § il — KO('/O/;C) — 1]. (48)
20 (1 +7m?)(1 + @) Ki(r /L)
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100

&/K, [nm?2]

rolnm]

Figure12 Interaction constant ¢ [Eq. (22)] as a function of the average radius of the rigid protein
(r9) in the model of constrained local membrane microscopic shape perturbation (Fig. 6A)
calculated from Eq. (28) for { = 0.9 nm (gray full curve) and from Eq. (48) (dashed curve) for
7]2 =1, a=-0.2, and {, = 0.2 nm. The figure also shows the dependency of ¢ on r, for
unconstrained local membrane microscopic shape perturbation (Fig. 6B), as calculated from

Eq. (47) for { = 0.2 nm and same values of n? and o (black solid curve).

It can be seen in Eqs. (47) and (48) that the interaction constant £ adopts negative
values for 1y < 2{7(1 + &) Ki(10/¢)/Ko(ro/{) (unconstrained case) and
o < 20.(1+ 7)1 +2)Ky (/) /Ko(r/{.) (constrained case). Therefore, for
large enough o and { (or {.), and for small enough radius of the protein, rigid
inclusions could locally soften the membrane [28]. This could not be predicted
within the theory presented in Section 4.1, where the tilt degree of freedom is not
explicitly taken into account and enters the model only through the characteristic
decay length (.

In Fig. 12, the dependence of ¢ on the average radius of the membrane-
embedded rigid protein ry is shown for different presented models. The case of
constrained local membrane shape perturbations (Fig. 6A) is shown in gray curve for
the model from Section 4.1 and in dashed curve for the above described model
[Eq. (48)]. The case of unconstrained local shape perturbations (Fig. 6A) is shown in
black solid curve [see Eq. (47)].

5. FREE ENERGY OF BILAYER MEMBRANE WITH
MEMBRANE-EMBEDDED INCLUSIONS

As already mentioned, the expression for the energy of membrane inclusion
induced by single rigid membrane protein [Eq. (22)]:

E(w) = g(H — Hy,) + é%f* (D* — 2DD,, cos2w + D2, (49)
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is mathematically equivalent to the expression for the energy of a single flexible
membrane inclusion [see Eq. (4)], where

é = 2&10(2K1 —|— Kz), é* = —2610(2K1 + 3K2) (50)

Therefore, in the following, only the expression (49) is used to describe the energy
of a single inclusion.

It can be seen from Eq. (49) that the energy of a single inclusion attains a
minimum when cos (2w) = 1, while the single inclusion energy attains a maximum

when cos (2w) = —1. In the first case, the energy of a single inclusion is
E, :é(H—Hm)z—l—ﬂ(DZ—i—Di)—ﬂDDm, (51)
2 4 2
whereas in the second case it is
b= S0+ S )+, (s

The states @ = 0,7 and @ = 7/2,371/2, respectively, are degenerate.

Since all orientations of the inclusion do not have the same energy, the partition
function [44] of a single inclusion can be described within the four-state model
(considering only orientations @ = 0,7/2,31/2, ) as:

_Emin _Emax
QzZexp( )+2exp( ) (53)

kT kT

The free energy of a single membrane inclusion can then be obtained by the
expression

{+¢

SH-H S )

fi=—kTInQ =

— kTln [cosh((é +¢7) 1;/?;)1 ’

(54)

where we omitted the constant terms that can be neglected for the case of constant
total number of inclusions in the membrane.

In the following, we derive the free energy of a bilayer membrane with
membrane-embedded inclusion. The excluded volume principle, that is, the finite
volume of the membrane inclusions, is taken into account by applying the lattice
statistics [44]. Therefore, the membrane is divided into small patches, which still
contain a large number of molecules so that the methods of statistical physics can be
used. The mesoscopic membrane curvature (see also Fig. 6) is taken to be constant
over the patch. In a single patch, a lattice with M sites is imagined. There are
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N inclusions in a given patch, each contributing the free energy f;. The direct
interactions between the inclusions are not taken into account. The canonical
partition function of the patch is therefore:

QN M!

=N (55)

where the partition function of the single inclusion Q is defined by Eq. (53). The
Helmholz free energy of the patch is F¥ = —kT InQ:

N N
F’' ~ —NkTInQ + kTNlnM + kT(M — N)ln(1 — M)’ (56)

where we applied the Stirling approximation Inx! & xInx — x.
The free energy of all inclusions in the bilayer membrane can be obtained by
summing the contributions of all patches in the membrane:

F, = JAnfimodA + kTmojA(nlnn + (1 —=n)In(1 —n))dA, (57)

where n = N /M is the local membrane area fraction occupied by the membrane
inclusions, dA is the membrane area element (area of the patch), and
my = M/dA = 1/ay, where ag is the area of the single inclusion.

The total free energy of the bilayer membrane with the embedded inclusions (F)
can thus then be written as [1, 29]

F
—=01- n)J aO—KO(ZH)Zda—i— nJ fida
moA A 2 A

(58)

+ kTJ (nlnn+ (1 —n)In(1 —n))da,

where A is the membrane area, da = dA4/A, and K is the (local) bending constant of
the bilayer membrane. The first term accounts for the bending energy of the lipid
bilayer, while the last term accounts for the configurational entropy of the inclusions
[1, 29].

6. CONCLUSIONS

Theoretical approaches to study the coupling of non-homogeneous lateral
distribution of membrane inclusions and membrane shapes [10, 29] were described
for flexible membrane inclusions and for inclusions induced by rigid membrane
proteins [1, 17]. As it is shown in this work, both cases yield a mathematically
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equivalent result for the energy of a single membrane inclusion [see Eqs. (4) and
(22)]. In the first case of flexible inclusions, the phenomenological constants K; and
K, originate in the deformation of the small membrane complex (nanodomain)
composed of lipids and proteins (Fig. 1A) and depend on the elastic and geometric
properties of this complex (membrane nanodomain); while in the second case
(where inclusion is induced by the rigid globular protein), the globular proteins
are treated as rigid bodies (Fig. 1B) and the whole contribution to the interaction
constants & and &* [Eq. (22)] originate in the deformation of the surrounding lipid
molecules and the geometry of the rigid protein. The value of the interaction
constant £ grows with the average radius of the rigid protein (ry) (Fig. 12).

In biological membranes, the majority of the membrane rigid proteins are
laterally distributed over the whole membrane area. In addition, the number of
the membrane proteins (N) is very large. For such systems, the case of constrained
microscopic perturbation of the membrane shape around the intercalated rigid
protein (Fig. 6A) seems to be biologically more relevant than the case of unconstrained
microscopic perturbation of the membrane shape around the intercalated rigid
protein (Fig. 6B).

As for example in erythrocytes, the budding takes place over the whole cell
membrane surface (although it is located predominately at the top of membrane
spicules) [1, 12]. Because of that, local microscopic membrane shape perturbations
around the membrane-embedded proteins are strongly restricted (see Eq. 18). As a
consequence, the lipid deformation around the membrane-embedded proteins is
predominantly a consequence of the change of tilt of lipid molecules around the
proteins (Fig. 6A), and not of the microscopic membrane shape perturbation
(Fig. 6B).

Coupling between non-homogeneous lateral distribution of membrane-
embedded rigid proteins and specific membrane shapes may be an important
mechanism of generation and stabilization of highly curved membrane structures.
Therefore, the theoretical models of membrane inclusions described in this chapter
provide a tool to study processes in membranes that involve membrane regions with
high curvatures, like spherical buds [1], membrane necks [45, 46], or thin tubular
membrane protrusions [12, 47].
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