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Self-assembly of proteins on lipid membranes underlies many important processes in cell biology, such
as, exo- and endo-cytosis, assembly of viruses, etc. An attractive force that can cause self-assembly is
mediated by membrane thickness interactions between proteins. The free energy profile associated with
this attractive force is a result of the overlap of thickness deformation fields around the proteins which
can be calculated from the solution of a boundary value problem. Yet, the time scales over which two
inclusions coalesce has not been explored, even though the evolution of particle concentrations on
membranes has been modeled using phase-field approaches. In this paper we compute this time scale
as a function of the initial distance between two inclusions by viewing their coalescence as a first
passage time problem. The mean first passage time is computed using Langevin dynamics and a partial
differential equation, and both methods are found to be in excellent agreement. Inclusions of three
different shapes are studied and it is found that for two inclusions separated by about hundred
nanometers the time to coalescence is hundreds of milliseconds irrespective of shape. An efficient
computation of the interaction energy of inclusions is central to our work. We compute it using a finite
difference technique and show that our results are in excellent agreement with those from a previously
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1 Introduction

Self-assembly of proteins on lipid membranes has been a topic of
interest for at least the last three decades.' Proteins on membranes
self-assemble because they interact with each other through forces
that have their origins in membrane bending deformations,*>
membrane thickness deformations,*®™* electrostatics'* and entro-
pic interactions.*'® There is a large literature on this topic that we do
not attempt to review here.> > Our interest is in self-assembly
caused by membrane thickness mediated interactions of proteins.
It is well known that lipid bilayers consist of two leaflets with
the hydrophobic tails of the lipid molecules spanning the
membrane thickness. Proteins that are embedded in the
membrane have hydrophobic peptides placed in such a way
as they interact mostly with the hydrophobic tails of the lipid
molecules. If the thickness of the hydrophobic region of a
protein is different from that of the lipid membrane then the
leaflets deform so that the membrane thickness in the vicinity
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of the protein changes (see Fig. 1). The energy cost of the
thickness deformation has been estimated analytically by tak-
ing account of the lipid hydrocarbon chain entropy.”*' The
result is an energy functional written in terms of the deforma-
tion field u(x,y) of the half-membrane thickness and its
gradients.® The membrane bending modulus K, the
membrane thickness modulus K; and the isotropic membrane
tension F enter as parameters into this functional. The Euler-
Lagrange equation obtained by the minimization of this energy
functional is a fourth order linear partial differential equation
(PDE). A series of papers by Phillips, Klug, Haselwandter and
colleagues®® start from this energy functional and utilize the
linearity of the PDE to computationally analyze allosteric inter-
actions of clusters of proteins of various shapes. The key idea
is that the thickness deformation fields caused by distant
proteins can overlap (superimpose) and give rise to interaction
forces just as defects in elastic solids interact due to the overlap
of deformation fields.>* This idea has been in place since at
least the mid-1990s,’ but it was computationally extended to
complex protein shapes and large clusters by the above authors.

An important result that emerged from the research on
clusters discussed above® is that the free energy has a maximum
when plotted as a function of distance between individual
proteins which form a lattice (the proteins on the lattice are
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Fig. 1 (a) Schematic of bilayer deformations due to a thickness mismatch
between hydrophobic region of a bilayer leaflet and an embedded protein.
(b) The two types of boundary conditions that are used in this work.
Dirichlet boundary condition U;(0,) gives the thickness deformation along
the boundary of inclusion i, while the slope boundary condition Vu -n =
Uj(0;) determines the derivative along normal directions at each point
along the boundary of inclusion i. The top view of the surrounding lipid
molecules (green circles) is only shown along the horizontal line, but the
lipids are everywhere on the plane. (c) A 3d plot of the thickness deforma-
tion field caused by one hexagonal inclusion. The thickness deformation is
significant in the immediate vicinity of the inclusion and decays rapidly as
one moves further away.

all identical). To the left of the maximum there are strong
attractive interactions between the proteins, while to the right
there are weak repulsive forces which decay away as the
proteins move far apart. The strong attractive forces should
cause self-assembly if two (or more) proteins happen to come
close together as they diffuse on the membrane. We are
interested in the time scale of the self-assembly process. There
are few experiments which focus on this time scale, but one by
Shnyrova et al.>* found that viral proteins (that did not interact
electrostatically) on a micron-sized vesicle self-assemble in
seconds.
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Temporal evolution of the self-assembly of viral proteins on
a lipid membrane has been analyzed in a few recent papers
using simulations. Often these simulations can be computa-
tionally prohibitive, but they do give insight about time scales
and intermediate states of the cluster of proteins assembling
into a virus particle or nano-container.">?** A drawback of
these simulations is that they may not be able to tackle time
scales of seconds over which self-assembly was seen to occur in
experiments.”®> There is a large literature on phase-field
approaches that can capture the evolution of particle concen-
trations on membranes (see for example ref. 25 and 26), but
these methods are not appropriate for computing the time to
coalescence of a few particles diffusing on a membrane. We will
take a different approach in this paper by analyzing self-
assembly of differently shaped inclusions using Langevin
dynamics and the corresponding Fokker-Planck equations. In
recent work we viewed self-assembly of two inclusions as a first-
passage time problem which can be quantitatively analyzed
using the theory of stochastic processes.”” We implemented
this approach in the context of interactions based on
membrane bending. The analytical calculations (using PDEs)
in ref. 27 were confined to absorbing boundary conditions on
both boundaries. A novelty of this work is that we extend the
PDE approach to include absorbing and reflecting boundary
conditions.

This paper is arranged as follows. First, we quantify the
interaction energy profile of hexagonal, rod- and star-shaped
inclusions.t We show that our finite difference numerical
method for computing energies agrees very well with analytical
formulae (using Fourier-Bessel series) in most cases. After
computing the interaction energies, we solve first-passage time
problems to find the time scales over which two inclusions
coalesce due to attractive interactions. We use both Langevin
dynamics and the Fokker-Planck equation to obtain mean first
passage times and study both isotropic and anisotropic
problems with reflecting/absorbing boundary conditions.
Finally, we summarize our results in the discussion and
conclusion sections and point to various enrichments that
can be implemented following our earlier work.””

2 Energy landscape
2.1 Analytical solution based on Fourier-Bessel basis

We consider a circular lipid membrane with radius R, and two
inclusions embedded in it. Our first goal is to compute the
energy landscape seen by an inclusion interacting with another
inclusion on a flat membrane. The interactions between the
inclusions are a result of the overlap of membrane thickness
deformation fields in their vicinity (see Fig. 1(c) for the thickness
deformation profile around one inclusion). The interaction
energy will be computed by considering two inclusions, one
fixed and the other moving as shown in Fig. 2(a). The coordinate
frame at the fixed inclusion (blue) denoted as inclusion 1 (74,0)

+ We are limited in the shapes we can explore by the equilateral triangle grid used
in our computations.
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Fig. 2 (a) The initial configuration of a system of two inclusions. The fixed
inclusion located at the center (blue) has local coordinate system (ry,04)
and the moving inclusion (purple) has local coordinate system (r,,0,).
(b) The inclusion on the right moves to the green spot and forms an angle
0 with the horizontal line. (c) The energy of the configuration here is the
same as the one in (b). Note that the hexagons in (c) are rotated when
compared to hexagons in (a).

is set to be the default one. We assume that the moving inclusion
(purple) denoted as inclusion 2 initially stays in the same
orientation as inclusion 1 (see Fig. 2(a)). To keep the analysis
simple, when an inclusion moves we do not consider its
rotational diffusion (see ref. 27 where rotational diffusion was
considered). As inclusion 2 moves from its initial position to the
green spot and forms an angle 0 with the horizontal line (see
Fig. 2(b)), the energy of the system can be computed by rotating
both inclusions anticlockwise by angle 6 from the initial configu-
ration (see Fig. 2(c)). This interaction energy will enter our
analysis of the kinetics of the moving inclusion due to Brownian
motion.

The elastic energy due to thickness deformation is given
AR

¢ = %J{Kb(vzu)z + K (g)2+F[%” + (Vu)z} }dxdy, 1)
where Kj, is the membrane bending modulus, K; is the thickness
deformation modulus, F is the applied tension and a is the
unperturbed bilayer half-thickness. The integration is carried
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out over the area of the membrane. The Euler-Lagrange equa-
tion associated with eqn (1) is given by,”

K F
KoV — FV2u 4+ —u+ == 0. )
a? a

Eqn (2) can be reduced to the following form using the trans-
Fa

formation # = u +—
K,

- M)% | (3)

First, we consider the case of an infinitely large circular
membrane with R, — oo without applied tension (F = 0). We
assume natural boundary condition which means thatu=# — 0
as R, — o0. Let inclusion 2 be on the right side of inclusion 1.
Then, a Fourier-Bessel series solution for the thickness deforma-
tion field around each inclusion #(i = 1,2) can be obtained,

o0
it (r;,0;) = A5 Ko(Vvar) + ZAann(\/uir,-) cos nb;
n=1
+ B?‘:"Kn( I/il‘,‘) sin n0i
4
) @
'N\'AfoKO(\/Vir[) + ZA;‘?"K,,( Vil‘,') cos nb;
n=1

+ B;;K,,(\/Vir,-) sin n(i,»,

where K,, are modified Bessel functions of the second kind and
we take the first N terms in the series to approximate the sum. In
ref. 8 the authors used N = 12 to compute energy caused by
thickness deformations and they showed that the series is
almost converged. For small applied tension F and large
membrane size R,, we follow ref. 8 and use eqn (4) as an
approximation for the solution of #".f Since the Euler-Lagrange
equation (eqn (2)) is linear, the solution for eqn (3) is given by,

u= 17;["1,91) + 015 (r,04) + L_lz(rzﬁz) + iy (r2,02), (5)

in which we used the coordinate transformations,

ry =2 +r2—2rr cos 0, 2.7 (ry,cos 0, r),

cosly = (—r+ricos6y)/ry, sinly =rysinb;/ry;

ry = \/}’2 + 12 + 2rry cos 0 éﬁ".z(}’z,cosegﬂ’),

COSelz(V-FI”zCOSHz)/I’], sin91:r25in92/r1.

In order to efficiently apply the boundary conditions, we rewrite

% The solution should include terms of the modified Bessel functions of the first
kind when F # 0 and R, is finite. However, we show later that this approximation
agrees quite well with the numerical solution of eqn (2).
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i, as a function of r4,0,,r and i, as a function of r,,0,,r,

iy (r2,02,1) = A5 oKo(\/v£F 5(r2, 08 05,7))

N
+ > A7 Ka(V7EF (12,05 02, 7))
n=1

N
roor

x T, (—+r—200502) + E Bli,"K,,(\/uiﬁz
1

" n=1
roor
X (r2,c080,r)) Uy, (— +2cos 02)
rnon

.
X —sin 6y,
"

ﬁg: (}"1 N 01 B I‘) = AiQKO(\/V:tyl (I‘] , COS 91, I))

N
—+ ZA;HKn(\/Viyl(rl,COS 91,1‘))
n=1

N
A .

x T, —+—cos0 B5 K,

n( r2+r2 1)+; 2.nxn

X (Vv Z 1(r1,c0801,r)) U,y (—L + r—lcos 01)
ry r

ry .
x —sin 0,
)

(8)

where T,, U, are Chebyshev polynomials of the first kind and
second kind, respectively. Let i, = @iy + ity , by = W + ity , hy = i} +
iy, h, = 03 + ;. We consider the following type of boundary
conditions (see Fig. 1(b)),

(1 + ) (21(01),01,7) = Ui (0y)

b 1 h ) ©)
n- <8(I 181+1 h2)7r118(h(199+1 hz))(e%l(@l)ﬁw’) = Uj(6h)
(hy + ) (2(02), 02, 1) = Us(02)

(10)

. A(hy + hy) 10(hy + hy)
81‘2 71’2 692

>(9?2(02),02,r) = US(0s).

We can solve for the 4(2N + 1) coefficients Ay, A3, AT, Az ns
Bin By n=1,2,...,Nbecause eqn (9) and (10) result in a linear
system. This determines the full deformation field due to the
overlap of the deformations caused by both inclusions. In the
above expressions #; is the shape function for inclusion 1
which is defined as the boundary of inclusion 1 in the polar
coordinates (r4,0;), and similarly for %, which is the shape
function of inclusion 2. For a hexagon shaped inclusion %, is
given by

PRV m 30,
A _TCSC(O‘ ‘3(‘1 *“‘“”(7))) (11)

0<91§2Tl27
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where / is the side length. The shape functions for rod shaped
inclusion and star shaped inclusion are long and are given in the
Appendix in the section named Shape functions for star and rod
inclusion. The next step is to compute the energy ¢(r) due to this
deformation field. Note that the angular dependence of ¢(r)
appears through the shape functions of two inclusions, %,,%,.

Using the divergence theorem, the total energy expression in
eqn (1) can be converted to the sum of line integrals over the
boundary, i.e. ¢ = ¢1 + ¢, with ¢; given by,

1

1
¢ =5Go+ EJV - [Ko(Va)V?a — KoaV i + FaVi)dxdy

1 1 21
=301 - EJ i [Ky(Va) Vi — KotV + FaVi
0

x [ R2(0;) + R*(0,)d0;

1 1 21
— 161 - EJ [U/(0)(Ko(vs ity +v_ii) + Fa)
0

—Kpih -V (vyiiy +v_ii)]\/ R2(0;) + R (0,)d0;.
(12)

From the first line to the second line we assume the line
integral along the outer boundary is a constant w.r.t r (which
works out to 0 as R, —» o0 and F — 0) and put it into the G,
term (both G, and G, are constants). To compute eqn (12) we
need to solve for the 4(2N + 1) coefficients AT, A3, AT, Asn
Bin Binyn=1,2,...,N from eqn (9) and (10) and use them to
compute i,,%_. Then we can evaluate eqn (12) numerically. The
energy ¢(r) can be computed relatively efficiently using this
technique. This is important since ¢(r) must be computed
repeatedly as inclusion 2 moves and r changes due to Brownian
motion when we solve the first passage time problem. We will
also need the forces acting on inclusion 2 in our analysis later.
Eqn (12) gives an expression to compute the force analytically,
which in the special case of an isotropic ¢(r) (i.e., no angular
dependence) works out to

2n
00 = =5 WO Estw -+t + Fir)

— Koiltt- V(viiiy +v_ii) — Keait- V(vyid, +v_ii )]d0;.
(13)

When there is only one circular inclusion in the membrane, the
thickness deformation field in eqn (5) has a closed form
solution” which can be compared to the simulation result of
Klingelhoefer et al®® who studied radial bilayer thickness
profiles for the Go. nanopore (among many others). We used
the same parameters and boundary conditions as they did: a =
34.19 A, U, = 0.81 A, U} =0.7, %, = 10 A for all 0, and fit their
curves by choosing K; = 120 pN nm™ ", K, = 2 pN nm and F = 0.
The black curve in Fig. 3(a) (which comes from eqn (4) with N =
8) captures the overall trend and the magnitude of the bilayer
thickness changes in the simulation done by Kingelhoefer
et al.®® This is reasonable given that (a) the black curve is the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Red squares are data from the simulation done by Klingelhoefer
et al.?® and the black curve is fitted using the analytical method based on
Fourier—Bessel function egn (4). A reasonable agreement of the two
profiles suggests that the energy functional egn (1) and the associated
Euler—Lagrange equation are a good starting point for estimating
interaction energies of inclusions. (b) The thickness deformation of
one hexagon inclusion with shape function egn (11), K, = 20 kgT, K, =
60 kgT nm=2, boundary conditions U; = —0.5 nm, U; =0 and under
applied tension F = 1 pN nm™ converges to the result computed by
analytical method egn (4) with N = 8 as n increases. Recall that the side of
the triangles in the fine grid is 1/n the side in the coarse grid.

result of a continuum approximation eqn (1) where as the lipids
are discrete particles in the simulations of Kingelhoefer et al.,”®
and (b) the black curve assumes that the membrane is infinitely
large where as it is finite in the simulations.

2.2 Finite difference method based on refined grid

The above analysis gives us a semi-analytical technique to
compute ¢(r). This technique can be used when there are
one or two inclusions whose shapes are simple. For a larger
number of inclusions or those with complex shapes (see
Fig. 4(a)) we need a numerical method to compute the thick-
ness deformation field. Fortunately, eqn (1) can be minimized
using a finite difference method. We discretize the membrane
using equilateral triangle elements as shown in Fig. 4(a) and (b)
following.”>*° We use a fine grid in the center of the domain
and a coarse grid farther away for reasons explained below.
Recall that one inclusion is fixed at the center of the domain
and the other inclusion is allowed to move. The motion of the
second inclusion is influenced by the change in interaction

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Triangular discretization of the membrane in our finite differ-
ence method. The side of the triangles is /. Three types of inclusions are
studied in this paper: hexagon (red), star (purple), rod (green). (b) A fine grid
is implemented in a region near the center of the domain because the
thickness deformation profile changes rapidly in that vicinity when two
inclusions are present. The side of the triangles in the fine grid is 1/n that of
the coarse grid. In this figure n = 2. (c) The blue regions are the Voronoi
cells of purple node (in the coarse grid), yellow node (at the interface
between fine and coarse grids) and white node (at the boundary of an
inclusion), respectively.

energy between the inclusions. This interaction energy
depends on the gradients of u(x,y) which changes rapidly when
the two inclusions are nearby (which happens when the second
inclusion is near the center of the domain). Hence, to accu-
rately compute the energy when the two inclusions are nearby

Soft Matter, 2021, 17, 2539—-2556 | 2543
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(see Fig. 4(b)) we use a fine grid in the center of the domain.
When the inclusions are far away from each other there is
hardly any interaction between them, so we use a coarse grid far
away from the center of the domain to reduce computational
cost. The side of the triangles in the fine grid is 1/n of the side
of the triangles in the coarse gird. The grid does not change as
inclusion separation changes. The thickness deformation at
node i is denoted by u;.

Using methods similar to those in ref. 29 and 30 the energy
is first written in a discrete form and then the thickness
deformation field that minimizes this energy is computed.
Finally, the minimizer is plugged back into the energy expres-
sion. Thus, the problem to be solved is

6 2 . .
o = i3St o) g Sk (1)

T Z FMC,ZV, + Z F;z;//\ [(U,‘ 7

irj .k

Mj)2 + (Ui — uk)z + (Hk - u,~)2]

= minu"™™u + Au"1,.
u

(14)

For nodes i in the coarse or fine grid that are far away from the
interface or the boundary of an inclusion (for example, see the
purple node in Fig. 4(c)) uf,c = 1, 2,...,6 are the thickness
deformations at the nodes surrounding node i. In the above
V; is the area of the Voronoi cell around node 7 and [ is the side
of the triangle. When node i is located at the boundary of an
inclusion then the appropriate V; is shown around the white
node in Fig. 4(c) and the sum over ¢ in the first term is
computed by assuming that the inclusion is flat. When node
i is at the interface between the fine and coarse grid (see the
yellow node in Fig. 4(c)) then the appropriate V; is shown
around the yellow node in Fig. 4(c) and we have to use different
weights depending on where u{ is in the coarse grid or the fine
grid.§ In the final discrete version of the energy expression, 1,

. . . . , Vi
is a column vector of size len(u) with all entries 1 and 4 = —.
a

M is the stiffness matrix where M;; multiplies w;u;. It has been
shown® that the boundary condition can be written in the
discrete form,

u(r;,0,) = U(0;), ¥i on the boundary (15)
1
uk—z(u,--i-u_/) (0 ! k 1 he bound
—=— =U'(0y),VY7,1,], k pairs along the boundar
NI (0r) Jrkp g y

(i is the midpoint of i and j, see Fig. 4(a)).
(16)

Note that w;, u; are given in eqn (15) and thus u; can be
solved from eqn (16) immediately. We also assume that the

§ Slightly different weights for computing the energy contributions of the inter-
face nodes do not change the final result for the profiles of u or the minimized
energy.
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inclusions are flat. Hence, eqn (14) can be rewritten as,
I,

Uy T Maa Mab u, T
min
Ya |y M;rb My, up 1y (1 7)

u}Maaua + 2uaTMa|,u|, + uEMbbub + /IuaT 1, + A'ubT 1.

U,

¢ + 7

Up

In the above uy, is the vector of all nodes determined by eqn (15)

and (16) and u, is the vector of all nodes that are not in u,. Taking

8(uTMu + ),uTlu)
Ou,

which eqn (17) is minimized where 1, is a column vector of size

len(u,) with all entries 1. Then, we can write the minimized total

energy as,

A A A
b = (513 +ugMaT,,) M, <Mabub +§13) - 2<§1} +ugmgb>

=0, we get u, = —M,, ! (Mabub +%la) at

% Maa ™ Muptty, + u Miyppup — 4 (%1} + u{MaT,,) M., '1,

+ j.llzﬂlb‘
(18)

In Fig. 3(b) we compare the numerical solution of eqn (2) for
the thickness deformation profile around one hexagon shaped
inclusion using the above finite difference technique with the
analytical solution eqn (4) with N = 8, Ky, = 20 kT, K; =
60 kT nm 2, F =1 pN nm ™, boundary conditions U; = —0.5 nm,
U} = 0 where kg is the Boltzmann constant and T = 300 K is the
absolute temperature and find excellent agreement as 7 increases.
Unless indicated otherwise, we use these parameter values in all
calculations in this work. This shows that the analytical and
numerical methods to compute the thickness deformation profiles
are consistent with each other and with the results of molecular
simulations documented in the literature. We use n = 20 in all the
energy computations henceforth for each of the three different types
of inclusions studied.

2.3 Applications to hexagon, rod and star shaped inclusions

We now focus on the interaction of two hexagon shaped
inclusions on a lipid membrane which has a rotational peri-
odicity of /3. We use eqn (18) derived from our numerical
method and eqn (12) derived from the analytical method, to
compute the interaction energy of two inclusions separated by
distance r and then make comparisons. As shown in Fig. 5(a),
the energy computed using the analytical method for two
inclusions separated by distance r in two different orientations
(shown in the inset differing by a rotation of n/6) are almost the
same. Hence, we can simplify our model and consider the
energy landscape generated by two hexagon inclusions as being
almost isotropic (insensitive to rotation). In Fig. 5(b), we fix the
shape of the two hexagons (see inset of the figure), and show
that as n increases, the match between the energy computed
from the numerical method and analytical method gets better,
justifying our numerical approach of using a fine grid when the
inclusions are nearby. From Fig. 5(c) we learn that as applied
tension increases, the attraction at small separations (around

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) The energy computed by the analytical method using egn (12)
for two configurations of hexagon inclusions differing by a rotation of n/6
under F = 1 pN nm~% (b) The energy of the configuration with F =
1 pN nm™* computed numerically using egn (18) converged to the
energy computed by egn (12) as n increases. Recall that the side of the
triangles in the fine grid is 1/n that of the coarse grid. (c) A comparison of

the energy profiles at three different applied tensions: 0.1 pN nm™

1 pN nm~% 10 pN nm™%.

r = R; = 7 nm) becomes weaker, but the repulsive force at
around 9-10 nm also becomes weaker. In Fig. 5 we study short
range interactions as small as center-to-center distance 7 nm
for two hexagon inclusions. The side of the hexagon is 2.5 nm,
so a 7 nm center-to-center distance corresponds to about 2 nm
distance between their boundaries, which corresponds to two
lipid molecules. At such small separations we do not expect that
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Fig. 6 The energy computed using different number of terms in
the series (N = 8,9,10) in egn (4) under applied tension (a) 1 pN nm™2,
(b) 10 pN nm™. The energy computed with different N are almost identical.
For this reason we use N = 8 in egn (4) for all energy computations. The
energy in these two plots is not scaled by subtracting the value at r = R,.
(c) The energy of a cluster of seven hexagons (one fixed at the center) as a
function of separations r under applied tension F = 1 pN nm™. There is a
maximum around r = 9 nm which is similar to the findings in ref. 29 that
focuses on bending deformations and those in ref. 6 that analyzes thickness
deformations.

minimization of the continuum expression eqn (1) will capture
molecular level deformations, although it has been shown
previously that it captures many aspects of protein-induced
bilayer perturbations.®*'** For this reason, in later computa-
tions of the first passage time we take R; = 9 nm for both
hexagon and star inclusions. Fig. 6(a) and (b) show that the
computed energy hardly changes as we increase N from N = 8 to
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N =9, 10 in eqn (12). For this reason we use N = 8 for all the
computations in this work. In Fig. 6(c), we compute the energy
due to thickness deformations of a cluster of seven inclusions
as shown in the inset using our finite difference method. We
find a maximum in the energy around r = 9 nm similar to
the findings in ref. 27 and 29 which studied interactions of
inclusions due to membrane bending deformations in the
presence of fluctuations and those in ref. 6 which studied
thickness deformations of MscL lattice. We do not assume
pairwise additivity of the energy in any of our computations
(including those with 7 inclusions) because the thickness defor-
mation field is solved by minimizing eqn (1) with boundary
conditions applied at each inclusion.

Fig. 7(a) shows that the energy landscape of two rod shaped
inclusions is anisotropic — at small separations the force is
repulsive at § = 0° and becomes attractive at some angle around
40° < 0 < 50°. The attraction increases as 0 goes up to 90°.
This behavior of the energy of two rod shaped inclusions is
reminiscent of the energy from out-of-plane deflection for two
rods®” on a lipid membrane. Fig. 7(b) shows that the energy
numerical method and analytical
method again agree very well which gives us confidence in

computed by the

the numerical method.

20
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g 20t
Z
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20 : : - :
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Fig. 7 (a) The energy of two rod shaped inclusions computed by numerical
method eqn (18) with different @ under applied tension 1 pN nm~2. (b) The
energy computed by analytical method using egn (12) fits the one com-
puted by numerical method using eqgn (18) both with 6 = 0° and 6 = 90°

under applied tension 1 pN nm~2.
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Next we compute the interaction energy of rod shaped
inclusions for tensions F = 0.1 pN nm™ ' and F =10 pN nm .
The comparison between Fig. 8 and 7(a) shows that as applied
tension increases, the interaction force becomes weaker at
short separations, which implies that elastic interactions could
be weakened by strong applied tension. Physically, this is
reasonable, since high tension will tend to make the membrane
flatter so that the thickness is more uniform everywhere.

Next, we apply both methods to compute the interaction
energy of two star shaped inclusions in Fig. 9. Just as in the case
of hexagons, we consider various orientations of the star
shaped inclusions as shown in the inset of Fig. 9(a). The match
between the analytical method and numerical method is not as
good in this case because the star shaped inclusion has 12
vertices at which the derivative along normal directions are
discontinuous. Since in the analytical method we used Fourier—
Bessel series to approximate the contour (#,,%,) and the
derivative along normal directions to the boundaries, it
requires a large number of terms N to obtain a good approxi-
mation. This is computationally not feasible for symbolic
operations in MATLAB. Thus, we have greater confidence in
our finite difference numerical method to compute interaction
energies in complex geometries. In Fig. 9(b) we use our numerical
method to compute the interaction energies for star shaped
inclusions for various values of F. The trends are similar to those

20

10 12 14 16 18 20
r[nm]

()

Fig. 8 (a) The energy of two rod shaped inclusions computed by numerical
method eqn (18) with different 0 under applied tension 0.1 pN nm™2. (b) The
energy of two rod shaped inclusions computed by numerical method

eqn (18) with different 0 under applied tension 10 pN nm™2,
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Fig. 9 (a) Solid lines are the energy of two star inclusions with different
rotational angles computed by numerical method using egn (18) and
dashed lines are the energy computed by analytical method using
egn (12). The applied tension is 1 pN nm™. (b) The energy of two star
inclusions computed by numerical method under three applied tensions:

0.1 pN nm™, 1 pN nm™, 10 pN nm™. (c) The energy of one hexagon

inclusion and one star inclusion under applied tension 1 pN nm=*,

seen for hexagon shaped inclusions. Finally, in Fig. 9(c) we
compute the energy of one hexagon and one star inclusion
separated by distance r and find again that there is a maximum
in the curve around r = 12 nm.

This completes our analysis of the interaction energy of
inclusions due to bilayer thickness interactions. In most
cases we have shown that there is a maximum in the interaction
energy of two inclusions around a separation r = 10 nm.
For separations smaller than this value there is a strong
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attractive force between the inclusions which will cause them
to coalesce. In the next section we will compute the time to
coalescence as a function of the initial separation between the
inclusions.

3 First passage time for isotropic
inclusions under mixed boundary
condition

Our main goal in this paper is to study the kinetics of an
inclusion diffusing in an energy landscape resulting from
elastic interactions with another inclusion. Efficient methods
to compute the energy landscape developed above are a pre-
requisite to this exercise. We will now use these methods to
solve first passage time problems.

We consider a circular membrane of size R, = 125 nm with a
circular inclusion of size 2.5 nm fixed at the center. Another
circular inclusion of the same size is diffusing around driven by
stochastic forces. Recall from the energy landscape that
there are attractive interactions between inclusions when the
separations are small. Hence, if the moving inclusion comes
close enough to the static one at the center then it will be
strongly attracted. Therefore, we assume that at R; = 7 nm there
is an absorbing wall at which the moving inclusion will
disappear by being attracted towards the center. We assume
that at R, = 125 nm (far away) there is a reflecting wall where the
moving inclusion will be bounced back. Note that problems in
which both boundaries are absorbing were solved elsewhere.*”
The exercise we will perform now is as follows. We place the
second inclusion randomly on a circle of radius r = y at time ¢ =
0 and let it diffuse around. At some time ¢ = T;, when the
inclusion hits the inner boundary for the first time we stop it
from diffusing and record T;,. We repeat this experiment a
large number of times and record T;, for each repetition. The
mean value of Tj, is the mean first passage time T;. Our goal is
to find Ty(y) as a function of the initial condition r = y. This can
be done analytically or through a Langevin dynamics simulation.
We will use both methods in the following.

To estimate T;(y) analytically we first need to compute
survival probabilities. Let p be the probability density (for
finding the inclusion) at position r and angle 0 given initial
o and P(r,t]y) = fénp(l‘, t,0]y,)d0. The
probability density p is independent of 6 since neither
the energy landscape nor the diffusion (or drag) coefficient of
the inclusion depends on it. As a result, the Fokker-Planck
equation for the evolution of this probability is in the following
isotropic form,*”

BP_Q{I(?(;&P D@P} +1F% E)P}7

ot orlvor or VBVP_FDE

condition r =y, 0 =

(19)

v
with Dirichlet boundary condition at the inner boundary and
Robin boundary condition at the outer boundary,**

oP 0¢

P(Rl7 I) =0, (kBT—+—P)

= > 0.
=T 5 0, Vt>0. (20)

(Ra,1)
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The first equation in eqn (20) is an absorbing boundary
condition at R, which means that if the moving particle hits
this wall it is absorbed and exits the kinetics. So, the probability
to find such a particle at the absorbing wall is zero. The second
equation in eqn (20) is the reflecting boundary condition at R,.
It means that when the moving particle hits the reflecting wall
it will bounce back, hence the probability current at this point
will be zero.** In the above D is a diffusion coefficient of the
inclusion in the lipid membrane and v is a drag coefficient
which are related by the Nernst-Einstein relation vD = kzT.>’
Let S(¥,¢) be the survival probability,

Ry

Sy, 1) = J P(r,t|y)rdr. (21)

Ry
Then, we can get the first passage time density,

aS(y, 1)

fhn=-——5—"= —J

Ry
_Ml'd)'. (22)
g Ot
The existence of the first moment of P(rt|y) with respect to
time ¢ can be shown from the fundamental solution con-
structed by It6 in ref. 34. Then, ¢P(rtly) —» 0 as ¢t —» 0.
Accordingly, the first passage time T;(y) can be derived from
eqn (22),

00 00 (R
110) = | s || P g
0 0 Jr,

View Article Online

Soft Matter

where g; is defined by,

ar) = | P (24)
Theorem 1: the ODE for T;(y) with a reflecting wall at the
outer boundary and an absorbing wall at the inner boundary is

aZT1<y>+< 1a¢+1>an<y) I

0y? kgToy y) Oy + D 0, (25)

with boundary conditions,

Ti(R)) =0, TI(Ry)=0. (26)

Proof: see proof of Theorem 1.

Next, we describe how to estimate T;(y) using Langevin
dynamics simulations. The overdamped version of the Lange-
vin equation in an isotropic setting is given by,*”

_ 10¢ 2k Tdt
dr; = z/ar,-der i (27)

where i represents two perpendicular directions of the motion.
v is the translational drag coefficient of a circular inclusion
which is calculated using the Saffman-Delbrck model,

4mny
— m 2
v log(2e~1) — 9’ (28)

where #1,,, = 15.3 x 10° Pa s m is the membrane viscosity (2D), #,, =
8.5 x 10~ * Pa s is the bulk viscosity of water (3D), # = 2.5 nm is the
radius of the circular cross section of the inclusion, ¢ = 21,,//1,,, and vy

. " (23) ~ 0.577 is Euler’s constant.”® Then we use the Einstein relation D =
= ‘ _‘ P(r, t]y)dordr = [ B g1 (r, y)rdr, keT/v to compute the diffusion coefficient D. For more details we
JR1JO IRy refer the readers to ref. 27. The drag and diffusion coefficient are
Table 1 List of parameters
Symbol Description Units Typical values
14 Side length of triangular grid nm 2.5
Ky Bending modulus PN nm 82.8°
T Temperature K 300
ks Boltzmann constant NmK? 1.38 x 107
K Thickness deformation modulus pNnm™* 248.4°
r Separations between two inclusions nm 9-125
F Applied tension pN nm™* 0.1-10
a Unperturbed bilayer half-thickness nm 1.75"
R4(01) Shape function for the centered inclusion nm
Ry(0,) Shape function for the moving inclusion nm
0 The angle between two inclusions and horizontal line (see Fig. 2(b)) radian per degree
u Thickness deformation nm
u; Thickness deformation at node ¢ nm
V; The area of the Voronoi cell at node i nm?
Agi The area of the triangle with vertices i,j,k nm?*
Ry Radius of the inner boundary for diffusing inclusion nm
R, Radius of the outer boundary for diffusing inclusion nm
uy, The vector of all nodes determined by eqn (15) and (16)
u, The vector of all nodes that are not in uy,
u u = [ug,up]”
¢ Energy of the system PN nm
n Ratio of side of triangle in the coarse grid to that in the fine grid
Uvy) Translational drag coefficient (tensor for anisotropic inclusion) s pN nm " 2.32 x 10°°%
D(Dy) Diffusion coefficient (tensor for anisotropic inclusion) nm” s~ 1.76 x 10>
T, Chebyshev polynomials of the first kind
U, Chebyshev polynomials of the second kind
K, Modified Bessel functions of the second kind
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both given in Table 1. We have neglected rotational diffusion here
because it is shown in ref. 27 that it does not play a major role in
determining the first passage time. & ~ ./7(0,1), a normally
distributed random variable with mean 0 and variance 1, represents
the stochastic force along direction i. We initially put the moving
particle somewhere at r = y, and choose a time step dt that ensures
convergence of the Lagenvin dynamics simulation. Then, for each
time step d¢, we perform the calculation in eqn (27), updating the
position of the moving inclusion. We record the time at which the
moving particle hits the absorbing wall at R;. We run 8000 simula-
tions and then take an average to estimate the first passage time. For
more details the readers are referred to ref. 27. Fig. 5(a) and 9(a) show
that the ¢(r) for hexagon and star inclusions can be regarded as
nearly isotropic. For these we use eqn (25) to numerically solve for
the first passage time and compare it with the results obtained from
the Langevin simulations. Since inclusions have non-zero size and
our computations of the interaction energy ¢(r) are not meaningful if
the distance between their boundaries (not centers) is comparable to
the size of a lipid headgroup (which is 1 nm), so we choose R, =9 nm
for isotropic inclusions (hexagon, star) and R; = 11 nm for anistropic
inclusion (rod) in our first passage time calculations.

Fig. 10 shows that the first passage time for hexagonal
inclusion derived from the two methods are in good agreement.
As the applied tension increases, the first passage time is
reduced at most r that are not close to R;. At first glance this
might seem counter-intuitive because from Fig. 5(c) we know
that at small separations (close to R;) the attraction force

0.2 T T

First Passage Time|s]
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y[nm] 100 150
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o
N
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.

o
o
a
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Fig. 10 The first passage time for two hexagon inclusions is computed
using (a) Langevin dynamics simulations in egn (27), (b) ODE in eqn (25)
under three applied tensions 0.1 pN nm~% 1 pN nm~2, 10 pN nm~%,
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Fig. 11 The first passage time for two star inclusions is computed by (a)
Langevin dynamics simulations in eqn (27), (b) ODE in egn (25) under three
applied tensions 0.1 pN nm™, 1 pN nm~, 10 pN nm~2.

becomes weaker as applied tension increases. However, there
is a stronger repulsive force at around r = 9-10 nm under small
applied tension which slows the motion of the moving particle
from a large starting separation (see Fig. 5(c)).

The first passage time computed by the two methods is also
in good agreement when the inclusions are star shaped (see
Fig. 11). The order of the first passage time is the same as the
hexagonal inclusions and similar arguments for the shape of
the curves can be made here.

The first passage times in all the above computations are domi-
nated by the Brownian motion because the membrane thickness
mediated interactions play a significant role only for small separations
y. To validate our methods for stronger and longer range interactions

. . 50 . .
between inclusions we choose ¢p = — to mimic electrostatic interac-
r

tions between point charges and use eqn (27) and (25) to compute the
first passage times. The time step used in all previous Langevin
simulations is d¢t = 107® s. However, we did a small number of
Langevin simulations with d¢ = 10”7 to validate our results. From
Fig. 12 we see that as d¢ decreases to 10~ in eqn (27) the first passage
time computed by Langevin simulations (green curves) converges to
the one solved from the ODE in eqn (25). The purple curve in Fig. 12 is
derived by setting ¢ = 0 in eqn (27) and eqn (25) for the purpose of
comparison. It is clear that the repulsive electrostatic force slows down
the kinetics of coalescence of the moving particle. These results show
that our methods are also applicable in scenarios where deterministic
forces play an important role in the interactions of the inclusions.
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Fig. 12 The first passage time for hexagon inclusions with electrostatic

potential ¢ = 5}—0 estimated by Langevin equation egn (27) with time step
dt = 10° (orange), with time step dt = 10~ (green), by ODE eqn (25) (blue)
under applied tension 1 pN nm™%. The purple curve is solved from eqgn (25)

by setting ¢ = 0 as a comparison.

4 First passage time for anisotropic
inclusions under mixed boundary
condition

For two non-circular inclusions, the corresponding Fokker—

Planck equation for the probability density p is a partial

differential equation of parabolic type,*’

op o[ _,0¢ 0?
{ i B ] (Dp]

E - ?‘Cl v i?xjp BXf(C)X/

1/0* 0 dp 1/0* ¢ dp
_ L = 29
Vg <8X12p + 0)(1 Oxl) + Vp (8X22 + OXQ (9)62) ( )
*p ’p
D,— + Dy—.
+ dCr)X|2 + bale

Accordingly, we need to redefine the first passage time in
eqn (23) which is now given by,

00 0o Ry (21 .
Ti(v,2) = JO f (v, tytde = —JO JR JO %(r,0. 1. %) ("(;’Z”y ), drdords
1

Ry 21 poo
= J J J p(r,0,t|y,o)drdOrdr
R JO JO

Ry (21
:quMﬂmmwm

R Jo
(30)

where tp(r,0,t|y,x) - 0 as t - oo is implemented in the first
equation of the second line and ¢, is defined by,

mUﬂ%@=me&mwML (31)
0

Theorem 2: the PDE for T;(y,«) with a reflecting wall at the outer
boundary and an absorbing wall at the inner boundary is
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given below,

. T, sin® o cos? o\ O*T
(D4 cos® o + Dy, sin’ %) Byzl + (Da 7 + Dy 2 ) c‘)azl
sin 2a sin 20\ 92T sin® o cos? o
—D, D ; D
+( dy+by)3y8a+{“ T
) . .0
L R L) N T e R 3 B L]
Va 2y Ay Vp 2y dy || 9y
. O¢ 0
9P .2
Dasin 20 bsin 200 1 s Zaay B s “%
» Voo 2y »?
sin20—  ¢os? oc%
_ L i4 4 u. % +1=0
v 2y »? Oo '

(32)

with boundary conditions

T, (R],OC) = 0,08T (RQ,OC) =0,T; (y7 0) =T (y7 21‘6). (33)

L}
y
Proof: see proof of Theorem 2.
The overdamped Langevin equation in an anisotropic
setting is given by,*”

104 2kgTdt
i 8qdz+ p

dri = —v ¢;(no sum in the second term),

(34)

where i represents two perpendicular directions of the motion and
vy and ¢&; are the drag coefficient tensor and random force tensor.
Note that for a rod shaped inclusion the drag coefficient along the
longitudinal direction is smaller than that perpendicular to it. The
details for how to compute these drag coefficients can be found in
ref. 27. Fig. 7(a) shows that the interaction energy ¢(r) for rod
shaped inclusions depends on 0 (it is anisotropic). In the Langevin
dynamics calculations, for each initial position y we use eqn (34)
to run 8000 simulations with a reflecting wall at R, and an
absorbing wall at R, for four 6 = 0°,30°,60°,90° and then take an
average (for each 0 separately) to estimate the first passage time.
We also use eqn (32) to numerically solve the first passage time
and compare the results derived from the two methods for F =
0.1,1,10 pN nm ™" in Fig. 13-15, respectively.

The good agreement between the first passage time solved
from the PDE in eqn (32) and estimated by Langevin equation
once again shows that our methods work well. As shown in
Fig. 13, as the initial angle increases from 0° to 90°, the first
passage time decreases at small separations, but increases at large
separations. This can be explained by the fact that stronger
attractive force near R, pulls the moving particle to be absorbed
faster from smaller initial separations while stronger repulsive
force around 12-16 nm leads to a larger first passage time when
the particle is initially located at a large distance.
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Fig. 13 The first passage time for two rod inclusions computed from (a)
Langevin dynamics using eqgn (34), (b) PDE using egn (32) under applied
tension 0.1 pN nm™1.

The result of the first passage time under 1 pN nm ™" applied
tension in Fig. 14 is similar to the one under 0.1 pN nm ™"
applied tension.

Compared to the results under 0.1,1 pN nm™ applied
tension, the first passage time is reduced under 10 pN nm "
applied tension. The order of magnitude of the first passage
time under all three tensions is similar.

1

5 Discussion

This paper has two major parts. In the first part we use a finite
difference method to compute the interaction energy of two
inclusions due to membrane thickness deformations. In the
second part we use the computed energy landscape to solve first
passage time problems. Our method to compute energies is
different from the analytical method in ref. 7 and 8 which uses
perturbation theory to study thickness mediated interactions
between two anisotropic inclusions; we implement an approach
to compute the energy using the divergence theorem which is more
general and can deal with strongly anisotropic inclusions. The
advantage of analytical methods in both ref. 7 and 8 and this work
is that they can compute the energy accurately at small applied
tension F if enough terms in the Fourier-Bessel series are used.
However, it is time consuming to compute the coefficients in the
Fourier-Bessel series and this becomes computationally infeasible
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Fig. 14 The first passage time for two rod inclusions computed from (a)

Langevin dynamics using eqn (34), (b) PDE using egn (32) under applied

tension 1 pN nm~%,

when the inclusions are strongly anisotropic. On the other hand,
our numerical method is able to handle arbitrary values of F and
can efficiently compute the interaction energy of two inclusions for
different separations r given a fixed set of parameters (K,,K,a etc.)
which are stored in a pre-calculated stiffness matrix.

In the second part of the paper we compute the time to
coalescence of two inclusions of various shapes as a function of
the distance separating them. We use both Langevin dynamics and
a PDE to arrive at our estimates. For two inclusions separated by
about 125 nm we predict that the time to coalescence is hundreds
of milliseconds irrespective of the shape of the inclusion. The time
to coalescence with only membrane bending interactions was of
similar magnitude as shown in ref. 27. The order of magnitude of
the time to coalescence is the same even though the attractive force
due to membrane thickness interactions is stronger than that due
to membrane bending interactions in ref. 27 at small separations.
The reason is that even with membrane thickness interactions the
attractive force decays to zero quickly and Brownian motion
dominates the kinetics of the moving particle in most regions, just
as in ref. 27. Therefore, at small separations the first passage time
with thickness mediated interactions is smaller than that with out-
of-plane bending interactions, but is not very different at large
separations. The time to coalescence at large separations can be
changed from that dictated by Brownian motion alone if longer
range interactions (for instance, due to electrostatics) are taken into
account as shown in Fig. 12.
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Fig. 15 The first passage time for two rod inclusions computed from (a)

Langevin dynamics using eqgn (34), (b) PDE using egn (32) under applied

tension 10 pN nm™,

6 Conclusion

In this paper we have analyzed the temporal self-assembly of
inclusions due to interactions mediated by membrane thickness
variations. It is shown that the results from Langevin dynamics
simulations agree well with those obtained from a PDE for the first
passage time. The approach based on the PDE is much faster than
the Langevin dynamics simulation and could open new ways to
study the process of self-assembly. This is a step beyond earlier
studies which focused on the energy landscape of clusters of
proteins, but did not look into kinetics. Some papers based on
molecular simulation did consider the temporal process, but to the
best of our knowledge most did not reach the time scales calculated
in this paper. Phase-field methods can compute the evolution of
particle concentrations on a membrane, but it is beyond their scope
to track the motion of discrete particles as we have done here. We
close this paper by mentioning some effects that we did not
consider. First, hydrodynamic interactions between inclusions
(based on the Oseen tensor) were shown to speed up self-
assembly in ref. 27 and they are expected to have a similar effect
here. Second, the temporal behavior of a cluster of inclusions are
not studied in this paper due to limitations of computational power,
but we expect the overall behavior to be similar to the clusters
studied in our earlier work.”” Third, only a limited set of inclusion
shapes are considered in this paper, but it is found that the time to
coalescence does not depend strongly on shape. We leave it to
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future work to add these refinements and extend this type of
analysis to important functional proteins such as ion-channels.®
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A Shape functions for star and rod
inclusion

The shape function for star shaped inclusion of side / is
given by:

kY4 1
V3L s <3,
2 sin<01 +E>
V3e o1
y-r. - 30° < 6 < 60°
2 008(61)7 0 <t = 07
1
@—Tm 60° < 0 <90°,
2 sin<01 76>
@;n 90° < 0, < 120°,
2 cos(@l f§>
@;n 120° < 0 < 150°,
2 sin<01 —§>
V3L s <, < 1807,
2 cos| 0 _2_n
'3
= Q;Sn 180° < 0, <210°,  (35)
sin(()l _7)
6
V3l 1
_— ° < °
2 cos(f) —m)’ 2107 < By < 2407,
) 1
@77 240° < 0, < 270°,
2 n
sin (01 _F)
V3L g 2y < 300,
2 cos(O o
- =
3
3¢ 1
NE S
2 sin(0 3n)
|-
2
V31 e <, < 3600,
2 Sn
005(01 —?)
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The shape function for rod inclusion with major axis length

3¢
2¢ and minor axis length \/_T is given by:

1

77 ° < 1 S 07
V3l— 7 0° <6 <30
;“(9'+§)
3¢ 1
A ° < 0 < 150°
2 sin(6;) 30° < O < 1507,
1
77 ° < 1 S 07
V3t — 150° < 6; <180
Sin((‘)] —§>
R =
7 ﬁeﬁ, 180° < 0, <2100, (39
sin<91 7?>
/ 1
@.7, 210° < 6, < 330°,
2 sin(0; —m)
1
— <0 < ;
V3t T 330° 0, < 360°
sin(01 —?>

B Proof of theorem 1

Following techniques in ref. 27, 33 and 36, we integrate eqn (19)
for Pover all t > 0,

TPy 0199, poei] [ 1|100 . pOs
JO Edl - Or [l/ or®! +D 8r} * r L or®! +D or (37)

—%5(V —y)=2Z&(r,y), (38)

where l(S(r —y) is the initial condition and the second order
r
linear differential operator % 2(%,) < C*([R,R:]) —
C*([Ry,R,]) is defined as,
1
T

1[1a¢ 0
" orlvor or +7{7 Di}

rlvor + or (39)

with domain
9(r) = {n € C([Ri, R (R) =0,
kpTvi(Rz) + ¢'(Ra)vi (Rz) = 0}
(40)
Using the method in ref. 27, we can get the adjoint operator .#; which
satisfies <Vz7 !frm) = <$fV2, V] >,VV| (S 9(,7;), NS g(ffj),
1

2 o0—
= _1999 + Da— + 1991 _ DL (41)

r v Or Or orr vorr or
with domain
R
2(27) = {1 € R RD (R = 0.2 v ) =0},

(42)

and the inner product is defined as,

Ry

(vi,n) = J vivadr,

Ry

Y € D(Ly), v € UL (@3)

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

Proofs for the existence of the solutions of second order inhomoge-
neous linear ordinary differential equation are well known. Hence, we

can find a uy € C°([Ry,Ry)) st. Lug(r) = r. Then, it follows from
eqn (23) that,

T(y) = j (L) (ry)dr

- J w(r)(Lgi (1 ))dr (44)
Ry
=~ w9t = 1)ar = )
= ZyTi(y) =—p. (45)

Using eqn (41), we can derive eqn (25), a second order ODE for T;(y).
The boundary condition of T(y) at the absorbing wall is straightfor-
ward:***° Ty(R,) = 0. For the boundary condition at the reflecting wall,
we appeal to the Langevin equation in eqn (27). If the particle sits at
position R,, decomposing the overdamped Langevin equation® into
radial direction and angular direction, we have,

o 1o¢ [2kgTdt,
d}' - v (?ydt + v Sy (46)
_ 110¢ 1 [2kgTdt
do = uyaed’+} o (47)

After time dt, the particle can only move to R, + dy(dy < 0) along the
radial direction because of the reflecting wall at R,. The motion along
the angular direction can be neglected because Ty(y) does not have
dependence on angular direction. Note that dy is a random variable
depending on &, and d¢ with constraint R; < R, + dy < R,. Then, we
can write

0

Ti(Ry +dy)G(¢,)dE,

T, (RQ) =dr+C (dt)J
Gy (dr)

0
—di+C (dt)JC . (71(R) + (R + 1 )y ) 68, )&,

=dr+ T, (Rz)

0

» )(T 1(R2) +nq, T{ (Ra + B4, ))dyG (&, )d¢,
5(dr

106,
=dt+ T (Ry)— ;%Tl (Ry)dt

+C (dt)J

0
2kg Tdt
T{(Ry)y
Cy(dr) 4

| £,G(E,)dE, + C1(d)

2kpgTdt

v

0 r’ y ol
X ch(d[)éﬂ (Ry+ ﬁdj.) ( 5},2 + o(dt)) G(&,)d¢,
as)

where we used mean value theorem twice to reach to eqn (49) with R,
+dy < Ry +1gqy < Ry + fgy < Ro. Note that 4, depends on 74, and
thus depends on dy. C,(d) is the value to satisfy R, + dy = R, for given
dt and ¢&,. Cy(df) is the scaling factor such that the integral of
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probability density equals 1: C(d¢) fc (@)
e /2

G(¢,)=——+.
(<)) o
both sides,

194, 1 moy. 2Kk T JO
l=- ayT(Rz)-i-T(Rz) PR OIC) Cz(dr)éyG

0

G(¢,)dé, =1 where

After some re-arrangements and dividing by d¢ on

(&)d¢,

2kgT

ca@n] Mg (P2 o) )66z,

(49)

Gy (dr)

Ny,

As dt - 0,C, » 2, C, > —o0. Note tha dd}

¥

|T{(Ry+ By,)| < M for some M because T; is C*. Then if we take
t —» oo the third term in RHS of eqn (49) can be bounded as,

0
lim |C, (dz)J %T{’(Rﬁrﬁdl_)(2kBTCVy2+0(1)>G(5y)d5y
{—00 Cy(dr) A
0
< lim (a1 ’%T{/(Rzﬂfdy)(%ﬂ o) )6(6) o,
0
gleggcl(dz)J ‘(%jT ) (&)|de,
0 2
<o ‘(kBTé ) 6(z,)ae,
< 0.
(50)

The first term in the RHS of eqn (49) is independent of dt and thus is
finite as ¢ — oo. For the second term in RHS of eqn (49),

0
hm ‘Cl (d’)fcz & G(
Since the LHS of eqn (49) is finite, we must have T (R) =

—>ocasdt—>0

dg}’ < 00, but

C Proof of theorem 2

We transform eqn (29) into polar coordinates,

4
—=Z,9p=V"-8, 51
Y 0P (51)
where the elliptic differential operator 7,p:%(7,9) <
C*([Ry,R,] x [0,27]) — C*([Ry,Rz] x [0,27]) is in divergence form,
with domain

DF o) = {v € C}([R,Ro] x [0,2n])[v(Ry,0) =0,

S(R,, 0 (52)
X 9S(R>,0) =0,v(r,0) = vl(r,21t)}7
or
and the inner product is defined as,
Ry (21
<V1, V2> = J J vivadrdl, Vv, v € 9(3‘7,:,0). (53)
RiJo

The expression of 7,y can be found in ref. 27 and we ignore the
expression of S for brevity. Then, it’s useful to derive Z,
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(see ref. 27), the adjoint operator of #,, that satisfies
<v1,f/7,‘,0v2> = <97;0V1,Vz> Vv, € J( ) V) € J(f* )
Next, we integrate eqn (51) for p over ¢t > 0 and get,

—%5(1‘ —)0(0 —a) = F,0q:. (54)

F 4 is uniformly elliptic with certain boundary conditions the
solution of which has been discussed in ref. 37. Then, we can

find a uy € C*([Ry,Ry] x [0,27]) s.t. F} guo(r,0) = r. It follows
from eqn (30) that,
Ry (21
Tl (yva) = J J q1 (ffguo(r79)>d9dl
R Jo
"Ry 271
= J J uo(r,0)7 . 9q1dodr
RiJo
(55)
Ry 21 1
= - J J uo(r, 0)=6(r — y)9(0 — o)dOdr
RiJO r
1
= — —Up\y,a),
’ o(», %)
= 7, 0Ti(y,0) =—y. (56)

Then, we can derive a second order PDE for 74(y) (eqn (32)). For
boundary conditions, we just need to worry about the reflecting
wall. For anisotropic case, dy < 0. df could be either positive or
negative. Similarly we can write,

0

T(Rz,f)):dt—i—Cl(dt)J ] T(Ry+dy,0+d0)
(@ -

(&

G(&p)dEyG(¢,)d¢,

0

:dz+C1(dt)J [ [T(Ra+dy.0)
(d)

(&

+ To(Ro-+dy 015 o, )40] G(E0)AE)G(E,)dE,

0

:dt+C1(dt)J [T(R2,9)+T)>(R2+ndl,Q)dy]G(éy)déy
Ca(dr) '
0 00
catnf [ [r(reranon o)
G(&y)dEpG(&,)de,

0
—dr+ G| (T (Re0)

Cy(dr)

+1q, Ty, (Ra +ﬁd,. ,0))dyG(¢&,)dé,

0 00
+C1(dt)JC (d,J [To(Ra+-dy,0)d0]G(E0)dE,G(E,)de,

0

e (dt)J 214y dy }

Cz(dl)J\ {T‘”’(Rﬁd} 0+5q, d0>(d9) 0

G(é@)déﬂG(éy)déy + T(sze)
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0
M4,
=di+T(R,0)+C, (dt)J o1, (Ry+ By, ,0)
o(andy :

1
x (dy)*G(&,)dE, —;%T_\,(R%())dt

0 2kgTdt
Ty(Ry,0)1/ ==
C,(di) v

e £,G(E,)de,

11 9¢

0 00
—Cl (d[)J J I:T()(R2+dy,9);R—2%

Cy(dnd —c0

dr} G(E))dés

X G(&,)dE, +Cy (dr) JO J” (70 (Ra+dr. 0455, )

Cr(dnd —0
2kpTdr, 4,4 .
(T a+otan )| Gden(e, )0z,

0 1 RkgTdt
+C (dz)J Ty(Ry+dy,0)—y/ 72—
C5(dr) Ry v

xj £0G(E)dE,G(E,)dE,,

—00

(57)

where in the process to eqn (57) we used mean value theorem
three times with 0 < 0 + ﬁjlhd" <0+ ’7§J 4 < 0+doif d0 > o

and 0 +d0 < 0+ng 4 <0+ By 4, < 0if dO < 0. After some re-

arrangements and dividing by d¢ on both sides, we get

0 Ma,
—1=C(dy) TTlf}'(R2+ﬁ(1‘,70)
Cy(dr) y

0 2kp T, 10¢
+C1(dz)J (dt)Ty(Rz,e),/ T gJ,G(éJ,)diJ,—;a—yTV(Rz,Q)

(&)

2T, 5
BTny_ +0(1)) G(&,)de,

0 119¢

-C (df)J [To(Rz +d}’79);R*2%

[t az,

Cy(dr)

L 2kgT
+C|(df)J ( )J [T()()(Rerdy,@wLﬁghd(,) (7B592+0(1))
de )

C —00 VR22
nfiyﬁdo 0
do

To(Ry+dy,0)
Cy(di)

1 2kgT [ . i F
XR_z\/;J G (E0)dEG(E,)dé,.

} G(&p)dEpG(E))dE,+C (dz)J

(58)

Using the continuity of Ty, Ty, and Ty and the fact that
M, M4, dy
dy” do

RHS of eqn (58) are finite as d¢ — 0. The 6th term is vanishing
due to [~ £yG(&p)dEy=0. Since the LHS of eqn (58) is finite
also, the 2nd term on RHS of eqn (58) must also be finite as d¢

. 2kgT
— 0. Accordingly, Ty(R,,0) = 0 follows from d11m ygt
1—00

<1, it is clear that the 1st, 3rd, 4th, 5th terms on

— Q.
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