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Many-body interactions between curvature-
inducing membrane inclusions with arbitrary
cross-sections

P. Galatola 2 ** and J.-B. Fournier
By means of a multipolar expansion, we study analytically and numerically the interaction, in tensionless
membranes, between multiple identical curvature-inducing membrane inclusions having arbitrary cross
sections but uniform small detachment angles. In particular, for N circular inclusions forming regular
polygons, we obtain analytical expressions for the total asymptotic interaction, up to N = 6, and we
numerically compute the different multi-body contributions at arbitrary separations. We find that the
latter are comparable to the sum of the two-body contributions. For N = 5 inclusions, the analytical
asymptotic interaction scales as the inverse sixth power of the nearest neighbors distance d, weaker
than the d=* power for N # 5. The analytical interactions are always repulsive and in good agreement
with the numerical results. In the case of noncircular cross sections, we consider the case of two
identical inclusions having a given number of equally shaped lobes. Depending on the number of lobes
and their amplitude, we find that the interaction is asymptotically either repulsive as d~* or attractive as
d~2, and always repulsive at short distances. We also characterize how the interaction depends on the

rsc.li/soft-matter-journal

1. Introduction

Biological membranes consist of two layers of lipid molecules
arranged in a tail-to-tail fashion, forming the structural barrier
of our cells." These membranes have a central hydrophobic
core, and two outer hydrophilic layers, made by the lipid heads,
which come into contact with the surrounding aqueous solvent.
Some proteins are specifically designed to either fit inside the
membrane or adhere to its surface. These include the so-called
curvature-inducing proteins, which have the ability to bend the
membrane so that it can accommodate their conical shape.?
The elastic energy of membranes is controlled by both lateral
tension and bending rigidity, as described by Helfrich.> Since
curvature-inducing proteins deform membranes on a large scale,
they experience long-range interactions mediated by the energy
required for membrane deformation.” The disk with detachment
angle (DDA) model, introduced by Goulian et al.,* ® was developed
to investigate these effects. To describe the deformation caused by
a protein, the section of the protein embedded in the hydrophobic
membrane core is modeled as a disk of radius a, while the
membrane, modeled as a surface, detaches from the disk at a
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inclusion rotation angles in the membrane plane.

constant angle o. Multipolar expansion methods were used to
obtain the leading-order asymptotic interaction between two
inclusions.” In a membrane with bending rigidity x and negligible
tension, two identical curvature-inducing inclusions separated by
a distance d were found to repel each other with an asymptotic
pairwise interaction energy given by & = 8mro*(a/d)’. This
interaction, obtained from a linearized calculation, is valid in
the small detachment angle limit. Using effective field theory,
Yolcu et al.”® calculated this interaction, for disks of different
radii and detachment angles, up to order (1/d)°. Using the original
multipolar expansion method, we derived the interaction up to
order (1/d)'*, making it possible to study how the series
converges.’

Note that numerical studies, using triangulated surfaces
energy minimization, have been used to explore the regime of
large detachment angles, of inclusions with noncircular foot-
print, and of strongly curved membrane background.'®™? It
was shown in particular that DDA-like inclusions with large
detachment angle can attract each other when adsorbed on the
outer side of strongly curved vesicles™® and that inclusions with
crescent-like shapes experience strong attractions.

Understanding the collective interactions of proteins in
biological membranes at room temperature is crucial due to
their abundance." However, this poses three challenges:
the weakness of the interactions at moderate distances, their
multibody nature, and the noncircular shape of protein
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cross-sections (the non-uniformity of the detachment angle will
not be addressed here). Let us discuss these points sequen-
tially. Membrane typically have bending rigidities © «= 30kgT,"
and curvature-inducing proteins can have detachment angles
ranging from o = 10° to 35°. Indeed, while a = 5 nm,
spontaneous curvatures of ¢ = (25nm) "' where measured for
the KvaP channels® and ¢ = (7nm)~" for BmrA in the ATP-
blocked configuration."* At a distance d = 6a, where the
spacing between the inclusions is large enough to hope that
asymptotic expressions are reliable, the interaction energy is
only & = 0.1kgT. Therefore, relying on the first terms of the
asymptotic expansion is not sufficient to investigate interac-
tions that are significantly larger than kg7. The range of
applicability of the expansion to order (1/d)'* is also uncertain.
Therefore, in this paper, we conduct a numerical investigation
of the interaction up to the point of contact. Specifically, we
include up to 400 multipoles to obtain accurate results.

Using an approximate method based on the energy required
to insert a protein into a curved background, Kim et al.'®> have
argued that multibody interactions are as significant as pair-
wise interactions. As shown by Yolcu et al, this method
correctly captures pairwise and triplet interactions, but neglects
higher order multibody interactions.® Therefore, little is known
with certainty about membrane-mediated multibody interac-
tions. In this paper, we use multipolar expansions to derive
exact analytical expressions for the asymptotic many-body
energy of clusters of up to six inclusions forming regular
polygons. Our analysis highlights the relative amplitude of
multibody terms. In particular, we show that pentagonal clus-
ters have a small but nonzero many-body energy.'® Further-
more, we numerically calculate the many-body interaction
energy of these clusters at very small separations between the
inclusions.

Finally, the DDA model assumes the cross-section of the
inclusion to be perfectly circular. Real proteins have an irregu-
lar shape, so it is important to know whether or not this
changes the interaction, especially at short distances where
this irregularity is significant. For example, as shown in ref. 8
and 9, the sixth order of the pairwise interaction between two
identical perfectly circular disks vanishes. In this paper, we
show that this is no longer the case if a shape modulation is
present. We give general numerical results concerning the
interaction between two curvature-inducing proteins with a
noncircular cross-section in a tensionless membrane, discuss-
ing in particular the dependence of their interaction on their
relative orientation.

Our paper is organized as follows. In Section 2 we review the
multipolar method of Goulian et al.* and we generalize it to
inclusions of arbitrary contours. In Section 3 we apply this
method to numerically compute the interaction between two
identical circular inclusions and we compare the accurate
numerical solution to the asymptotic analytical results. In
Section 4 we obtain the leading asymptotic term of the inter-
action energy for N = 3-6 circular inclusions placed on a
regular polygon. We compare this analytical results with
numerical computations, and we extract from the latter the
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various multi-body contributions. In Section 5, we study
numerically the interaction between two identical noncircular
inclusions having a variable number v = 1-4 of identical lobes.
Finally, in Section 6, we summarize and discuss our results.

2. Interaction between arbitrarily
shaped inclusions with a fixed
detachment angle

We consider a bilayer lipidic membrane with no tension and
zero spontaneous curvature, modeled as a geometric surface.
We characterize the membrane shape in the Monge gauge by
means of its height z = A(x,y) above the reference plane (x,y). For
small deformations, the bending free energy of the membrane
is given by®

F = %ICJ(V2/1)2dXdy, (1)

where «x is the bending energy, typically of the order of a few
tens of the thermal energy kT, and the integral runs on the
reference plane. Note that, in general, an extra contribution to
the free energy, proportional to the integral of the Gaussian
curvature, should be considered. However, this term only
depends on the global topology of the membrane and on the
integral of the geodesic curvature along the membrane con-
tours. Therefore, for fixed membrane topologies and fixed
membrane contours imposing local fixed detachment angles,
the Gaussian free energy is a constant contribution that can be
discarded. This is the case for our problem.

Minimizing the free energy F with respect to arbitrary
deformations of the membrane height yields that the equili-
brium membrane shape is solution of the biharmonic equation

V'h =o. (2)

We suppose that N curvature-inducing inclusions, e.g. conical
integral proteins or adhering colloids, are attached to the
membrane. Generalizing the model of Goulian et al.* to inclu-
sions of non circular contours, we model each inclusion k as a
planar contour of arbitrary shape from which the membrane
detaches with a given fixed angle «; (see Fig. 1). We associate to
each inclusion k a reference point Oy of coordinates x = x;°, y=
2, and z = z;°, lying in the plane of its contour, of normal V.
For each inclusion, we define a local coordinate system (x, yx)
in the reference plane, centered on the point (x;°, y;°) and
possibly rotated with respect to the reference frame (x, y),
depending on the symmetry of the problem.

The orientation ¥, of each inclusion is given by two angles f;
and y;. For small inclinations with respect to the reference
plane, we set

f’k =Z- ﬁk’e/x - "//cﬁlm (3)

where X, yi, and Z are unit vectors in the direction of the
corresponding axes. Note that, to first order in the angles f
and 7y, the projected shapes of the contours on the reference
plane coincide with their actual shapes.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm00851g

Open Access Article. Published on 31 July 2023. Downloaded on 5/10/2026 6:49:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

Fig. 1 Shape of a lipidic membrane around three identical curvature-
inducing proteins with noncircular contours and uniform detachment
angles. The coordinates used for describing the membrane geometry
are shown (see Section 2).

With the first order approximation (3), the equation of the &
contour’s plane is —fx — yr + z — 2" = 0. Therefore, the
condition that the inclusions are attached to the membrane
gives, to first order in the inclinations, the boundary conditions

h(xiyi) — Bixe — vivil o, = 2, (4)

where |C; indicates that the quantity on its left is evaluated
along the projection of contour k on the reference plane. In the
following, we will parametrize the latter contours as

e = 1i(dn), (5)

in terms of local polar coordinates (ry, ¢;) on the reference
plane, associated to the Cartesian coordinates (x, yz)-

The detachment condition implies that the membrane
height, measured from the plane of contour k, has derivative
in the direction normal to the contour equal to tan o Then, at
first order in the inclinations ff; and y; and the detachment
angles oy, we have the boundary conditions

0
I (h(Xks i) = BiXe — vive] = o, (6)
njc
where 0/0n; indicates the derivative in the direction #j; of the

outward normal to the contour r; = ri(dz):

L2 _1dne 0
J “Ori|, i Ay Oepy

o 2
sz + <%)
depy
Note that the equilibrium free energy (1) can be expressed, by

using two integrations by parts and the equilibrium condition
(2), as the sum of line integrals along the contours Cy of the

?)
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inclusions:
7 = lsz: ]§ hi(vzh) - (v2/1)ﬁ ds (8)
2= o Lom an|
where ds; is the elementary arc length
dr\?
dsg = (| rd + (d—;‘) dg,. (9)

Finally, the interaction energy & between the inclusions is the
difference between the free energy # and the sum of the free
energies of each isolated inclusion.

2.1 Multipolar expansion

Even for two inclusions with circular contours, the boundary
problem (2), (4), (6) cannot be exactly solved analytically.
Goulian et al.,, by means of a multipolar expansion, first
obtained®® an asymptotic expression for the interaction free
energy of two identical circular inclusions of radii a, valid to
fourth order in the ratio between a and their distance d.

The next to leading, sixth order, asymptotic term for two
different circular inclusions was derived by Yolcu et al. using
effective field theory.”® Higher-order terms, up to fourteen
order, were successively obtained by us,’ using the original
multipolar technique.

To solve our boundary problem for N inclusions, similarly to
ref. 4, 9 and 16, we look for a solution of the biharmonic
equation (2) in the form of the multipolar expansion:

N e AL A
h 7L; Ak,O ogrk+7cos¢k+751nq§k

[ (Aem | Bi A Biwm .
> [( fn;"mn;”;) cos(m¢,c>+( ,,;:”+7m;;) sm<m¢>k>} :
e k Tk Te Tk

(10)

where L is some characteristic length of the problem, that we
use for dimensionalization purposes, and 7, = ri/L. The con-
stant coefficients A, and A, (resp. Bk, and B;,) multiply
elementary solutions of the biharmonic eqn (2) having vanish-
ing (resp. non vanishing) Laplacian. Up to a constant term,
eqn (10) is the sum of all the elementary separated solutions in
polar coordinates of the biharmonic eqn (2) that are singular
only at the centers r; = 0 of the inclusions and that tend to a flat
shape parallel to the reference plane at infinity. Note that not
including in eqn (10) the elementary solutions of the biharmo-
nic equation that have divergent curvatures at infinity implies
that, on each inclusion, the force normal to the reference plane
and the torques parallel to the latter identically vanish (see
Appendix A).

The unknown expansion coefficients in eqn (10) are
uniquely determined by the boundary eqn (4) and (6). Indeed,
truncating the expansion (10) to a maximum order m = M,
yields, for M > 2, N(4M — 1) unknowns. Expanding eqn (4) and
(6), for each inclusion %, as Fourier series relative to the angle
¢, truncated to the same maximum harmonic M, gives 4M + 2
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equations for each inclusion. However, the boundary condi-
tions contain, for each inclusion, the three extra unknowns fy,
7% (the inclusion tilts) and z; (the inclusion height). Thus, we
have a total number of unknowns N(4M + 2) that equals the
number of boundary conditions. In practice, it is simpler to
disregard the zeroth harmonics of eqn (4) from the boundary
equations, along with the corresponding unknowns heights z;.
Then, we are left with only N(4M + 1) equations and the same
number of unknowns. The remaining unknown heights z; can
be determined, once the full solution % is computed, by
evaluating the zeroth harmonics of the left-hand side of eqn (4).

3. Numerical solution for two circular
inclusions

We start by considering two identical circular inclusions of
radius a separated by a center-to-center distance d. We put the
projection on the reference plane of the center of inclusion 1
(resp. 2) at x = —d/2,y = 0 (resp. x = d/2, y = 0) and we define the
local Cartesian coordinates

Xi=xto, n=y (11)
d
Xy = —X +§7 ==, (12)

such that the frame (x,, y,) is obtained from (x;, y;) by means of
a rotation of angle m around the midpoint of the segment
joining the centers of the two inclusions. Then, the polar
coordinates associated to the two Cartesian frames are related
by the transformations

) = \/r12 + d? + 2dr; cos ¢y, (13)

¢, = arctan(ry cos ¢, — d, rysin¢,) —m, (14)

where arctan(x, y) is the polar angle of the point (x, y). The
inverse transformations are obtained by the exchanges r; < 1,
1 = o

By symmetry, A} ,, = A5 1, Bim = B5 m, and ff; = 5, while, for
k=1, 2, all the A}, and By, coefficients vanish, as well as the
tilt angles y;. We determine numerically all the remaining
independent coefficients up to the maximum order m = M by
means of a Fast Fourier Transform (FFT) of the boundary
conditions (4) and (6) on one of the two inclusions. To avoid
aliasing effects, the FFT is computed up to a sufficiently high
harmonic P » M and we impose the boundary conditions only
on the 1,2, ..., M cosine harmonics of eqn (4) and the 0, 1,
2, ..., M cosine harmonics of eqn (6) on one of the two
boundaries. We then solve numerically the resulting system
of 2M + 1 linear equations for the 2M + 1 independent
unknowns AS o, A9 1, AS 2, Bi2, - - - Al M, Bim f1. Once the latter
are determined, we compute the membrane free energy (8) by
taking the zeroth harmonic of the integrand with respect to
¢, of eqn (8) and (9). By increasing the maximum order M
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Fig. 2 Normalized interaction energy & = &/(ka?) as a function of the
normalized center-to-center distance d = d/a for two identical circular
inclusions. The upper thicker red curve is the exact interaction computed
numerically up to the maximum multipolar order M = 200. The thinner
black curves are the analytical asymptotic expansions up to order n,
with n = 4 (dotted line), 8,10,12,14 from bottom to top. The inset shows
a magnification close to the contact d = 2.

(together with P), we check for the convergence of the free
energy interaction.

In Fig. 2 we show the normalized interaction energy & =
&/(xe?) as a function of the normalized distance d = d/a
between the centers of the inclusions (upper red curve). Note
that the free energy of an isolated circular inclusion is zero:
therefore the interaction energy & coincides with % . To obtain
a relative error of the order of 10> at contact (d = 2) we set M =
200 and P = 2"°. Note that, for d > 2, the relative error rapidly
decreases. On the same curve, we show also the analytical
asymptotic expansions at order n = 4, 8, 10, 12, 14 obtained
in ref. 9. For d > 2.5, the n = 14 approximation is excellent,
while at smaller separation higher-order corrections are
needed. For d > 3, the lowest order approximation n = 4 is
sufficient. However, as we will see, when multiple or noncir-
cular inclusions are present, the asymptotic interaction does
not, in general, faithfully represent the actual interaction at
such short separations.

4. N circular inclusions on a regular
polygon

To study the importance of multibody interactions, we consider
N > 2 identical inclusions with circular cross sections of radius
a and centers arranged on a regular polygon:

2nk

X0 = R cos <%>7 (15)
2k

¥ = R sin <%), (16)

where R is the radius of the circle circumscribed to the regular

This journal is © The Royal Society of Chemistry 2023
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polygon and k=0, 1, ..., N — 1. As for two identical inclusions,
we rotate the local coordinate system centered on inclusion & by
the angle 2mk/N, in such a way that the x; direction coincides
with the direction joining the center of the polygon to the
center of inclusion k, as shown in Fig. 1 for noncircular
inclusions. Then, by symmetry, for any k and 7, A%, = A7,
Bim = Bomy, Pr = Py, while all the Af, and B, coefficients
vanish, as well as the tilt angles y;.

Following ref. 9, for each inclusion k, we introduce the
normalized complex coordinate on the reference plane

Zr = ?k EXp(l'd)k), (17)

where i is the imaginary unit and we normalize the lengths with
respect to R. Then, the transformations of coordinates between
the local coordinates centered on the inclusions are, in complex

notation,
2nik
zr = (z0 + l)exp(f%) —1.

With the given symmetry and the complex coordinates, the
multipolar expansion (10) can be written as the real part of the
complex function

_Rji A lo +Al+i Am+BmZ7(
" k=0 0oR Zk m=1

m=2 ZZ‘ Zk
where z; denotes the complex conjugate of z.

By symmetry, it is enough to impose the boundary condi-
tions (4) and (6) on the reference inclusion 0. This can be done
analytically by injecting the transformations (18) in the
complex function (19), truncating the multipoles to a maximum
order m = M, and expanding in Taylor series around z, = 0 the
terms of the function  with k=1, 2, ..., N — 1, regarded as
analytical functions of z, for fixed z;. Taking the real part of #
and going back to the polar coordinates 7, and ¢,, we obtain an
expansion of A in the form of a Fourier series in cos(mepy),
where each Fourier coefficient depends on the coordinate 7,
and the amplitudes 4, and By, with m’ = 0, 1, ..., M. The
boundary conditions (4) and (6) on the reference inclusion
0 (7o = a/R) give then a linear system of 2M equations in the 2M
unknowns Ay, Ay, Ay, By, ..., Aur, Bag, that we solve to the lowest
order in a/R giving a nonzero interaction energy. For N =
2,3,4,5,6 we find A, = aa/R, while the next nonzero multipolar
coefficients at lowest order, B, and Bs, are given in Table 1,
along with the corresponding interaction energies. The latter,
since the inclusions are circular, coincide with the free energy
(8)-(9). Note that, generalizing our numerical solution to the
case of N identical circular inclusions, we recover numerically
the same asymptotic behavior. As one can see, except for N = 5,
the next leading nonzero coefficient after 4, is B, o« (a/R)’,
giving an interaction free energy oc (a/R)*. For N = 5, the next
leading coefficient is B; oc (a/R)> and the corresponding
interaction free energy is only oc (a/R)°. Note that, contrary to
Kim et al.,"” we find that the interaction energy of five identical
circular inclusion in a regular pentagonal arrangement is
nonzero. Actually, this result is not in contradiction with

(18)

;o (19

This journal is © The Royal Society of Chemistry 2023
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Table 1 Multipolar coefficients B, and Bz and interaction energy & at
lowest order in a/R as a function of the number N of equal inclusions on a
regular polygon. Note that the distance d between the centers of the

nearest-neighbor inclusions is Ry/2(1 — cos(2n/N))

N B, B, &
Sy ° —
S )
oy ot (3
S () (s
R N

ref. 15, since, as pointed out by ref. 8, the result of ref. 15 takes
into account only pairwise and triplet interactions up to terms
scaling with the distance as (a/R)*. Our result, on the other
hand, takes into account all the multibody interactions and
captures in a controlled way the leading contribution to the
interaction in powers of a/R. In agreement with ref. 15 and 8, we
can then conclude that, asymptotically, multibody interactions
are as significant as the pairwise ones: indeed, for N = 5 the
sum of the pairwise interactions scales as (a/R)*, and, for
instance, for N = 3, as can be easily checked, the sum of the
pairwise interactions is the double of the total many-body
interaction.

4.1 Multibody interactions

To assess the relevance of multibody interactions at any separa-
tion, we determine numerically the full many-body interaction
& of N identical circular inclusions on a regular polygon, along
with the p-body contributions &, with p = 2, 3, ..., N. For p
inclusions 1, 2, ..., p chosen between the N, &, is defined
recursively as

ég[’(1727"'7p) 25(17277[7)

p—1
—Z Z (D(dk(ChCz,...,Ck),

k=2 {c1,c2,.1}

(20)

where &(1, 2, ..., p) is the full many-body interaction between
the p inclusions 1,2,...,p and the innermost sum at the right-
hand side of eqn (20) runs over all the different way of choosing
2 < k < p inclusions ¢y, ¢,, . . ., ¢x between the p inclusions. For
instance, for three inclusions, the three-body interaction
between the three inclusions is the full many-body interaction
of the three inclusions minus the sum of the three two-body
interactions between the three different pairs of inclusions.
Similarly, for four inclusions, the four-body interaction
between the four inclusions is the full many-body interaction
of the four inclusions, minus the sum of the four three-body
interactions between the four different triplets of inclusions,
minus the sum of the six two-body interactions between the six
different pairs of inclusions.

Finally, we define the total p-body contribution &® to the
interaction energy as the sum of all the p-body contributions

Soft Matter, 2023,19, 6157-6167 | 6161
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over all the possible ways of choosing p inclusions between
the N:

Then, according to eqn (20), the full many-body interaction is
equal to the sum of the total p-body contributions:

(22)

Fig. (3)-(6) show, for N = 3-6 identical inclusions on a
regular polygon, the full many-body normalized interaction & =
§/(xo®) together with the various total multi-body contribu-
tions &® for the interaction index p=2,..., N. The three and
higher multi-body contributions are attractive and considerably
reduce the two-body repulsion (except, possibly, for some
contributions very close to contact). This confirms the result
of Kim et al.'® that nonpairwise multi-body interactions are
comparable to the pairwise ones, even though their magnitude
decreases with their index p, except very close to contact. The
black dotted curves in Fig. (3)-(6) are the analytical asymptotic
full many-body interactions given in Table 1. As it is apparent,
for N=3 and N =5 these approximations are actually quite good
even rather close to the contact, while for N=4 and N = 6 (and,
to a certain degree, for N = 2, see Fig. 2) the approximation
holds only asymptotically (d > 10). Thus, the leading asympto-
tic term captures the relevant nonpairwise interactions and is
more accurate than the total two-body (pairwise) interaction,

4

\
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Fig. 3 Normalized total many-body interaction & (black solid line), along
with the total normalized two-body interaction energy & (red dashed
line) and the total normalized three-body interaction ® (blue long
dashed-dotted line) for three inclusions on a regular polygon as a function
of the normalized distance d = d/a between the centers of two neighbor
inclusions. The black dotted curve is the analytical asymptotic expression
& = 12n/d* (see Table 1). The interaction energies are normalized with
respect to xo2. Note that, by definition, & = &® + &03).
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Fig. 4 Same as Fig. 3 but for four inclusions on a regular polygon. The
total normalized four-body interaction is &) (green long-dashed line). The
analytical asymptotic expression (black dotted curve) is & = 4n/d*
(see Table 1). Note that, as in Fig. 3 and in the following two figures,
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Fig. 5 Same as Fig. 4 but for five inclusions on a regular polygon. The total
normalized five-body interaction is &) (pink short dashed-dotted line).

ot

The analytical asymptotic expression (black dotted curve) is & =

55— \/E)Sn/QG (see Table 1).

even though it is not always quite reliable at distances compar-
able to the sizes of the inclusions.

5. Interaction between two identical
noncircular inclusions

Since real proteins have irregular shapes, it is important to
know how the interaction energy is affected by modifications to

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Same as Fig. 5 but for six inclusions on a regular polygon. The total
normalized six-body interaction is &(©) (turquoise dashed-spaced line). The
analytical asymptotic expression (black dotted curve) is & = 251/(6d*) (see
Table 1).
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the circular contour case. As discussed in Section 2, for the sake
of simplicity, we assume that the detachment angle is constant
along the contour of the inclusions. We consider two identical
inclusions, the contours of which we model by the parametric
shapes:

Fu(di) =1 + ecos[v(dr — V)],

where k = 1 (k = 2) for the left (right) inclusion. Here, 7 and ¢
are polar coordinates centered on inclusion k, with the radial
coordinates 7, normalized with respect to the average radius a
of the inclusions and the angles ¢, counted counterclockwise
starting from the segment joining the centers of the two
inclusions (see Fig. 7), 0 < ¢ < 1 is the amplitude of the
modulation from a circular shape, v =1, 2, ... is an integer that
counts the number of lobes of the shape, and —n/v < Y < /v
gives the orientation of inclusion k. Note that for v = 1, although
at lowest order in ¢ « 1 the shape (23) corresponds to a simple

(23)

Y1

1
b1
P

Y2
T2 4y

r2

Yo

Fig. 7 Local coordinates used to describe the geometry of two noncir-
cular inclusions. The angular coordinate ¢, (resp. ¢») is counted counter-
clockwise from the x; (resp. x,) axis.
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translation of a circular contour, for a finite moderate ¢ the
contour is flattened around ¢; = Y + .

To study the interaction between the two inclusions, we
analyze, for a fixed distance d between the centers of the two
inclusions, the behavior of the interaction energy & = &/(xa?)
as a function of the two orientation angles y/; and y,. Note that,
rotating by n the system in the reference plane about the
midpoint between the two inclusions corresponds to the inter-
change y/; < V,, implying the symmetry &({;,,) = &y, ;).
Furthermore, turning the membrane upside-down with respect
to the direction normal to the reference plane corresponds to
the transformation Y, < —;, « < —o. Since the energy is
invariant with respect to the sign of o, this implies the sym-
metry &(\,, ;) = 6(—,, —,). Taking into account these
symmetries and the polar angle periodicity 2n/v of the shapes
(23), we represent all the non equivalent angular configurations

1
of the two inclusions by the combinations ¢ = E(Wl +1,) and

1
0= E(zpl —,),with 0 < 0,9 < w/vand o + § < m/v. Note that

the points (¢ = n/v, = 0) and (¢ = 0, & = n/v) are the only two
points that actually correspond to the same configuration.

5.1 One lobe

We start by considering the slightly flattened shapes (23) for v =
1 and ¢ = 0.4. Fig. 8 shows the contour plot of the interaction
energy & as a function of the angles ¢ and ¢ for the normalized

180

o0
)
-,
DS
20

1

60

120 oldeg] 180

Fig. 8 Contour plot of the normalized interaction energy & of two
noncircular inclusions, for v = 1, ¢ = 0.4 and d = 4, as a function of the

0 60

rotation angles o :%(1//1 +,) and = %(zpl — ;). The inset shows the

rotation angle ¢ minimizing the interaction energy as a function of
the normalized distance d (black solid line and left vertical scale), along
with the corresponding normalized interaction energy & (red dashed line
and right vertical scale). The shapes and orientations of the two inclusions
at the absolute (resp. relative) minimum for d = 4 are shown in yellow (resp.
gray). The orientations y; (i = 1, 2) of the inclusions are indicated by arrows
centered on the inclusions.
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Fig. 9 Contour plot of the normalized interaction energy & of two
noncircular inclusions, for v = 2, ¢ = 0.2 and d = 3, as a function of the

1 1
rotation angles o = 5(1//1 +,)and 6 = E(llll —,). The red continuous line

in the inset shows the normalized interaction energy & as a function of the
normalized distance d for the orientation i, = ¥, = 0 corresponding to the
minimum interaction energy. The latter orientation is shown inside the
inset. The black dashed line in the inset is the normalized interaction
energy for two circular inclusions with the same average radius (¢ = 0).

distance d = 4. Here and in the following Fig. 9-12, we set the
maximum multipolar order M to 40, such that the numerical
errors are negligible with respect to the used scales. The energy
landscape presents two relative minima on the axes ¢ = 0 and
0 = 0, with the first one corresponding to the absolute minimum.
The configurations of the two inclusions at the two minima are
shown in the figure. As the inclusions move farther apart, the
two minima remain on the axes ¢ = 0 and ¢ = 0, continuously

0.63
0.60
0.50
0.40
0.30
0.20
0.10

-0.10

40 oldeg] 60

0 20

Fig. 10 Same as Fig. 9 but for v = 3.
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shifting towards the positions ¢ = n/2 and ¢ = 7/2, respectively.
For closer distances, the positions of the minima remain on the
same axes and tend to 6 = m and ¢ = =, reaching the limiting
values at a finite short distance d = 2.1. These two corner
points of the contour plot, as we pointed out before, actually
correspond to the same configuration, having the flattened
sides of the inclusions facing each other. Note that, in this
configuration, the normalized contact distance is d = 2(1 — &),
corresponding to d = 1.2 in Fig. 8.

The inset of Fig. 8 shows the angle § of the absolute
minimum as a function of the distance d and the corres-
ponding interaction energy &. At large distances, the inter-
action is weakly attractive and decays as 1/d*, as we checked
numerically. This asymptotic attractive behavior holds for any
value of ¢. As ¢ — 0, the position of the energy minimum shifts
toward d — oo and, correspondingly, its depth tends to zero. At
short separations, the interaction becomes repulsive.

5.2 Two lobes

For v = 2 and moderate values of ¢, the shapes (23) are
elongated as a capsule in the two opposite directions ¢ = Y
and ¢ = ;. + 7 (see inset of Fig. 9). Taking ¢ = 0.2, we find that
at all distances there is only a single minimum at ¢ = § = 0 (see
Fig. 9), corresponding to the configuration in which the tips of
the two inclusions face each other. Again, at large distances the
interaction is asymptotically attractive as d >, behaving simi-

larly for ¢ — 0, and it becomes repulsive at short separations.

5.3 Three lobes

For v = 3 and the same value ¢ = 0.2, we find again that the
configuration minimizing the free energy corresponds to
the tips of the inclusions facing each other (see Fig. 10). The
interaction energy as a function of the distance d and of
the modulation amplitude ¢ has the same qualitative behavior
as for v = 2.

5.4 Four lobes

A qualitatively different behavior appears for v = 4 and small ¢
deformations. Indeed, as shown in Fig. (11) for ¢ = 0.1, while the
configuration minimizing the free energy still corresponds to
the tips of the inclusions facing each other, the interaction is
now always repulsive. We check that the interaction & decays at
large distances as d *, as for circular contours, by verifying
numerically that £4* tends to a constant value c, for large d.
Then, to find the next to leading asymptotic contribution to the
free energy, we plot in log-log scale the difference ¢, — £d* as a
function of the distance d. As shown in Fig. 12, the latter
difference scales as d 2, showing that & = c4/d* + ¢6/d° + . . ..
Thus, at variance with perfect circular inclusions,”® a non-
zero d° asymptotic contribution is now present. Increasing
¢, at ¢ = 0.15 an inflection point in the &(d) graph appears at
d = 5, that splits, as ¢ further increases, into a pair of relative
extrema: a minimum followed at a larger distance by a max-
imum. At even larger values of ¢, the maximum disappears,

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Same as Fig. 9 butforv =4, ¢ = 0.1 and M = 40.

leaving an asymptotic attractive behavior separated from a
short distance repulsion by a minimum, as for v < 3.

5.5 Convergence of the numerical algorithm

As we discussed in Sec. 3, we throughout check the convergence
of our numerical algorithm by increasing the maximum order
M of the multipoles (along with the maximum order P of the
Fourier harmonics). Usually, as we increase M, the interaction
energy first tends to stabilize toward a plateau, allowing to
estimate the numerical error. By further increasing M (above a
few hundreds for two circular inclusions), the numerical error
tends to increase again for numerical stability reasons, as is
usually the case.

However, for a given number of lobes v, we find that when
increasing the amplitude ¢, the algorithm does not converge

! ! ! L

10—2 N E

R ]

| Q\) b
F
<t L
© i
1074 F

10 d 102
Fig. 12 Asymptotic interaction energy for v = 4 and ¢ = 0.1 as a function of
the normalized distance d. Black solid line: ¢; — &d* with c4= 6.819842.
Red dashed line: —ced?, with cg = —3.44. The d~2 asymptotic behavior of
¢4 — Ed* shows that & = ¢4/d* + c6/d° + ... for large d.
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anymore: as we increase M, the absolute value of the interaction
energy & continuously increases. The maximum amplitude &y
for which the algorithm converges decreases as v increases and
also slightly decreases as the distance d decreases. For instance,
close to contact, &yay = 0.25 for v =2, while ¢, = 0.1 for v=6.
Indeed, when the inclusions shape presents pronounced lobes,
more multipolar expansions inside each inclusions might be
necessary to match the boundary conditions on the corrugated
contour.

6. Conclusions

In this article, using the disk with detachment angle model of
curvature-inducing proteins and the multipolar expansion
method originally introduced by Goulian et al,* valid in the
limit of small detachment angles, we have studied the inter-
action between multiple proteins of arbitrary contours and
fixed detachment angle in a tensionless membrane. For two
identical proteins with circular contour, we have shown
numerically, by taking a very large number of multipoles, that
the analytical asymptotic interaction of Goulian et al.*® repro-
duces quite well the exact result up to center-to-center distances
of the order of 2.5 times the contour radius, and differs by up to
a factor of order 3 at contact.

For N = 3-6 proteins with circular contours arranged at the
vertices of a regular polygon, we have obtained analytical
asymptotic interaction energies. For all values of N but N =5,
we have found that the interaction decays as the inverse fourth
power of the distance d between nearest neighbor inclusions, as
originally found by Goulian et al.* for two inclusions. For N = 5
proteins, instead, we found that the asymptotic interaction
decays as d°. This result is at variance with the null result of
ref. 15, but it is compatible with the findings of Yolcu et al.®
that the approximation of ref. 15 only takes into account two
and three bodies interactions up to the order d *. We checked
numerically these results, using the multipolar technique trun-
cated at an arbitrary high number of contributions up to
convergence.

We also computed numerically the different multi-body
contributions to the total interaction energy, verifying that
the nonpairwise multi-body interactions are indeed generally
comparable to the pairwise ones. Apart possibly very close to
contact, the multi-body contributions are all attractive, thus
reducing the contribution coming from the sum of the two-
body terms.

Finally, in the case of two identical proteins, we have
numerically studied the effect of a departure of the contour
from the circular shape. For the sake of simplicity, we have
considered contour shapes that contain a single Fourier har-
monic v = 1, 2, ... of relative amplitude ¢ in their polar
coordinate equation, thus consisting of v identical lobes. For
a small number of lobes (v = 1-3), we found that, whatever the
amplitude of the modulation, the interaction becomes asymp-
totically attractive, decaying as d>. This is in agreement with
previous models of conical transmembrane proteins with
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effective non-circular sections,”” or effective nonuniform
detachment angles."®'® Note that for distances comparable to
the size of the contours, the interaction remains repulsive.
Therefore, contrary to the case of two circular inclusions, for
such inclusions the asymptotic interaction does not hold at
intermediate distances.

For a larger number of lobes v > 4 and a small modulation
amplitude &, we recovered, on the other hand, the asymptotic
repulsive d* character of the interaction. Above a threshold
value of ¢ (== 0.16 for v = 4), the large distance behavior becomes
attractive, with, as for v < 4, a repulsion for short distances.

For all but the v = 1 case, we found that the interaction, at
fixed distance, is minimized when the lobes of the two inclu-
sions are facing each other. In the v =1 case, on the other hand,
the minimum configuration remains symmetric with respect to
the mid-plane, but the orientation angle depends on the
distance. Up to a given distance close to contact, the facing
sides of the inclusions are the flattest parts. Then, on increas-
ing the distance, a second-order orientation transition occurs,
with the orientation angles of the two lobes with respect to the
line joining the two inclusions centers continuously decreasing
from © to n/2 (see Fig. 8). These results are not incompatible
with the cases v # 1, since for v = 1 the protein contour has a
maximum curvature not on the tip of the lobe, but on two
symmetric points close to the flat side. Therefore, it seems that
the configurations that are favored correspond to having the
contours maximum curvatures close to each other. This could
also explain why, for » = 1, an antisymmetric metastable
configuration, having an interaction energy only slightly larger
than the absolute minimum, is present.

Finally, note that the next to leading order of the asymptotic
interaction for two perfectly circular inclusions scales as d” %,
the d~° contribution being exactly zero. Numerically, we found
that this anomaly is due to the perfect rotational symmetry of
the inclusions and is lost when the rotational symmetry is
broken.
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A Appendix

The variation 6.7 of the free energy (1) with respect to arbitrary
infinitesimal variations 6% of the height of the membrane that
respect the boundary conditions on the inclusions is

5F — J(v4h)5h dxdy- 3" (Fidz + T o), (24)
x
with
F=—x i(Vzh)dsk (25)
¢, On
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and

rl = {K ?{/ {%(V%)rk - (vzh)g—ﬂ dsk} <3 (26)
Here r, = x;X; + Y is the vector that locates the points of the
reference plane with respect to the local coordinate frame
associated to inclusion k and dwy, is the infinitesimal rotation,
parallel to the reference plane, of inclusion k.

By the principle of virtual works, F% (resp. I'l) is the force
(resp. torque) normal (resp. parallel) to the reference plane
acting on inclusion k. At equilibrium (8.7 = 0), the forces F; and
the torques I | must vanish.

Let us first consider the force (25). We decompose the total
height field % in two terms: the contribution #; coming from the
multipoles centered on the same inclusion k and the contribu-
tion A that is the sum of the multipoles centered on all the
other inclusions. Then F = F£ + £, with

z 0 2

F = Kﬁ’ o (VI ) dsy, (27)
- 9/ y-
F/( = —K fék %(v hk)dS]‘». (28)

Now, given a membrane height field & satisfying the equili-
brium condition (2) and an arbitrary contour C on the reference
plane, having outward normal 72 and enclosing a surface S
within which # is regular, using the Green theorem, we have

fam o swwnon

JC JSs

= J Vihdxdy =0, (29)
S

reflecting the fact that the stress tensor is divergenceless.*® If
the contour C encloses singularities of the height field £, the
line integral at the left-hand side of eqn (29) will be in general
different from zero. However, eqn (29) implies that, if such a
contour is continuously deformed without crossing any singu-
larity, the value of the line integral will not change. Therefore, if
we take as the contour in eqn (27) a circle of any radius r and
center on the center of the inclusion, we have

. 0
F; = —KJ —(V2hy)rd¢, (30)

o Or

where (r,¢) are polar coordinates centered on the inclusion.
Now, according to the multipolar expansion (10),

9 < [4m(m — 1)L ,
E(Vzhk) = ;::2 {%(Bf(,m cos(me) + By, sm(md)))}
(31)

and, therefore, the integral in the right-hand side of eqn (30)
identically vanishes. Finally, since / is regular inside inclusion
k, according to eqn (29) £ = 0.

To conclude, whatever the constant coefficients Af ,, A% m,
Bt.m and By, the membrane profile (10) does not exerce on the
inclusions any force normal to the reference plane.
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Let us now consider the torque (26). The vector in curly
braces in eqn (26) is proportional to

2
L=> LY,
i=1

(32)

Y O K PR Y & Sl
L,_fc[an(v 0 — ()2 as

where xM = x, x® =y, ¥V = £, £2) = §, and the contour C
coincides with the contour Cy of inclusion k. Let us now show
that, similarly to eqn (29), the line integrals (33) are zero if the
height field % satisfies the equilibrium condition (2) and is
regular inside C. To this aim, let us first note that

(33)

() _ _
8§n — VA — i 30, (34)
Then, using the identity,
9 (2 (i) 2 ax1 _ 0 (i) 72 A a(i)yg2
5-(Vh)x — (V) —%(x V2h) -2 20V (35)

and the Green theorem, to convert the line integral along C of
the first term on the right-hand side of eqn (35) to a surface
integral over the enclosing surface S, we get

L :J V. V(x<")v2h>dxdy -2 7{ a0V ds.  (36)
N C
We note that
V-V(xOv2%h) = V2OV2h + 2VaD.V(V2h) + xXOV*h.
(37)

Since V29 = 0, Vx') = 20 v*h = 0, and, being V-2 = 0, 0.
V(V?h) = V-(x"V?h), using the Green theorem we then obtain
J V. V(x<">v2h>dxdy =2 7{ A #V%h ds. (38)
N c
Inserting this latter equation in the first term on the right-
hand side of eqn (36), finally proves that the torque (26) is
zero for any height field 4 satisfying the equilibrium condition
(2) and regular inside the contour Ci. Using now the same
decomposition as in eqn (27) and (28) and the same steps, one
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can readily see that, whatever the constant coefficients A%,
Atmy Bim and By, the membrane profile (10) does not either
exerce on the inclusions any torque parallel to the reference plane.
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