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1 Model of the cell

1.1 Microtubules

The microtubules(MTs) are represented as semiflexible filaments, therefore the Hamiltonian of a single MT is given by:
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where  is bending rigidity( 2.2 * 10723Nm? ), L is the length of MT, s is arc length, = BF is unit tangent vector and
7(s)isa posmon (1). A single MT is represented as a chain of N beads with coordinates 7 rl, ..., connected by N — 1

(D

tangents t7 = 7,1 — 7 of the length k = L/(N — 1). In the present model, the length k& = 0.8;:m was used. Since the
MT is an inextensible polymer discretized into N beads, N — 1 constraints must be fulfilled:
Cmiere — |5 — Fg| =k i=1,..,N—1 2)

The length of the MTs varies considerably, but since short MTs are not relevant for repositioning, we include only just
MTs that reach from the MTOC to the IS in the first seconds of repositioning. The maximum length of a MT should be
L > 7 % Rcey to always reach from MTOC to IS. In order to reach the IS in the first stages of repolarization, the length
must be L > % * T % Rcey. Thus, the number of beads N is uniformly distributed between 15 and 20.

1.1.1 Bending forces of the microtubule

The Hamiltonian for the discretized MT can be expressed as:
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where kq = x/k is the bending rigidity of the discretized model. The bending force acting on bead i is the derivative of

the discretized Hamiltonian with the respect to 77:
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If we consider the simplest case (sketched in Fig. 2) of three points with coordinates 77, 75 and 73 connected with the

tangents 7, and t5, the bending forces acting on the beads are:
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Figure 1: Bead-rod model of the microtubule. The MT is divided into 8 point connected by 7 rods. The circles correspond
to the positions of the beads. The lengths of rods connecting beads remain constant.
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Figure 2: The sketch of bending forces acting on the MT composed of three beads. The filled circles represent the beads
of the MT. The bending force is determined by the angle © between the tangents ¢; and ¢5. The narrow arows depict
bending forces acting on beads.

1.1.2 Drag coefficient

The drag force on an object depends on the speed of the object, the viscosity p of the fluid, the size, and the shape of
the object. The intracellular viscosity is very hard to measure or estimate, since the space between the nucleus and cell
membrane is far from homogenous. The viscosity of aqueous domains of cell cytoplasm corresponds to the viscosity of
water (2). On the other hand, in other microdomains, the local viscosity differs from the viscosity of water by more than
three orders of magnitude (3). The effective viscosity in our model was chosen as:

w~ 30uw = 0.03Pa - s, (6)

where 1y, = 0.9775mPa - s is the viscosity of water at temperature of 7' = 21°C.

The MT is divided into segments of a cylindrical shape whose length is substantially bigger than the diameter. The
drag depends on the object’s area projected normal to the direction of the motion. Therefore, drag forces for the motions
parallel and perpendicular to the object are defined as F' = |z and F' = v &, respectively, where T is speed of the object.
Parallel || and perpendicular v, drag coefficients (4) are defined for the case of a cylinder in the fluid with viscosity p
as:
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where k and d are the length and the diameter of the cylinder, respectively. Therefore, the friction of the cylinder is
anisotropic vy, ~ 2. However, the anisotropy is hard to implement, as the orientation of segments varies. Therefore,
the anisotropy is not implemented. For the case of simplicity, the perpendicular drag coefficient is considered in the
simulation to the beads of MT and the same drag coefficient is attributed to all MTOC points.

1.2 Drag force of organelles

EM, Golgi and mitochondria are the organelles with different structures and sizes. However, their drag force can be
estimated from their volume and surfaces. A dynamic shape factor(5), K, can be defined to calculate the drag coefficient
of the nonspherical particle:
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where d,, is the diameter of the sphere with the same volume as the object. The drag force can be divided between the
form drag, coming from the pressure on the surface, and tangential shear stress. Form drag is determined by the objects
area projected normal to the direction of the motion. It can be expressed through the Stokes law form drag on a sphere,
whose projected area equals to the projected area of a nonspherical object. The diameter of such a sphere is d,,. The
friction force on the surface can be expressed by the friction on the sphere with the same effective surface, which has the
diameter ds. The dynamic shape factor can be defined as:
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The number of mitochondria were measured(just the case of one cell) in (6) (44 mitochondria in a T-Cell). The size
and shape of MTs varies greatly, since they can shrink, grow, go through fission and fusion (7-11). We consider the



most common spherocylindrical shape approximated by the cylinder, whose diameter and the length were estimated as
0.75um and 1.5um, respectively. Golgi apparatus is a very complex structure composed from multiple classes of cisternae
differing in form, function and composition that are stacked in various ways (12—15). The endoplasmic reticulum (ER) is
also a complex organelle composed from a bilayer forming nuclear envelope and a network of sheets and dynamic tubules
(16-20). Golgi, ER and mitochondria are connected to cytoskeleton (21) and (6).

For the rough approximate evaluation of drag force we consider the estimates from (22), table 12. The major organelles
including EM and Golgi are close to the center and they are in contact. Consequently, effective viscosity in the regions
close to the nucleus of the cell is different from more aqueous domain close to the cell membrane where the rotation of
the cytoskeleton takes place. Therefore, we assume that the effective viscosity of the medium in which EM and Golgi
travel is uo = 10 % p. We will express the drag coefficient of organelles as a function of viscosity and compare it with the
drag coefficient of the cytoskeleton. For the estimate of the cytoskeleton drag coefficient, the cytoskeleton of 100 MTs
was considered and the drag coefficient were calculated using (9).

Yaser ~ 0.001317 (10)
Yrer ~ 0.001604 (11)
Yito ~ 0.00257 1 (12)
Yeyo ~ 0002704 (13)

From the equations (10) it can be seen that the Yo = (Ycyto + YMito + YRER + YGSER) ~ 3 * Ycyo- Consequently, to
consider the drag force from the organelles in the cell, the drag coefficient of MT is tripled. Thus, the equation (7) can be
rewritten as:

2mpk
S P ] — 14
M= 2% In(k/d) — 0.2 (142)
4
v =3% Tk (14b)

In(k/d) + 0.84°

1.3 Confinement of the cytoskeleton

The cytoskeleton moves between the wall of the cell and the nucleus. They have a spherical shape and they are modeled
as force fields. The force of the wall is null if |7;| <= R. Otherwise, the force acting on the bead of the MT or the MTOC
is expressed as:
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where R is the radius of the cell and k; = 20pNum~! and ks = 1m~! are chosen constants. The force of nucleus is null
if |7i] > Ruucieus(radius of the nucleus). Otherwise, it can be expressed by:
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where R, is the radius of the nucleus.

1.4 Dynein motors

Unfortunately, since the results from the measurements differ greatly, the mechanical properties of dynein remain uncer-
tain. Therefore, the parameters in this section are estimations. The dynein has an anchor and attachment points connected
by a stalk. The anchor point has a stable position and the attachment point walks on the MT. The force acting on the MT
is determined by the length of the stalk, whose relaxed length was estimates as Ly = 18nm (23-26).

Unattached dynein is represented just with one point on the surface of the cell. If the dynein is closer to the MT than
Ly, the motor protein can attach to the filament. Fluctuations of the membrane can move the dynein motor to the MT.
Therefore, the attachment probability is defined as:

Po = 581 dma <= Lo (17)

Pa = S5 - CXP(—(dmd - LO)/pd)S_l dmd > L07 (18)

where d,,4 is the distance of the dynein point to the closest point of the MT and pg = 10~7 is a chosen parameter. If the
MT is attached, the anchor and attachment points of the dynein motor are placed to the same point on the MT. Attachment
probability of dynein is unknown; therefore, the attachment probability p, corresponding to the attachment ratio of kinesin
is considered (27). The force of dynein motor comes from the elastic properties of the stalk:

|FiDYnein| -0, |FDynein| < Ly (19)
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where Tpynein = Tanchor — Tattach 1S the distance between the anchor and the attachment points. The measurements of elastic
modulus of the stalk differ (28-31) , therefore, the elastic modulus was estimated t0 kpynein = 400pNum~! (32). If the
force is null or parallel to the preferred direction of stepping, the probability of stepping to the minus end is:

Vr

dstep
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where Vr is the forward speed of dynein and dge, is the length of the step. The steps of dynein have multiple lengths
(33-38). Nevertheless, just the most frequently measured length ds., = 8nm is considered. The forward speed was
estimated or measured in various sources (33, 34, 39-45). For our purposes it is estimated to be V& = 1000nms~!. In
the case of the force of the dynein being in the opposite direction to the preferred movement and smaller than a stall force
F, the attachment point steps to the minus end with probability:

V; FDynein
p7 = 7F(1 j— g .

dstep FS
The value of the stall force varies greatly (33, 33-36, 40, 46) and (47), we estimate it as F'g = 4pN. If the force aims to
the plus end and it is bigger than the stall force, dynein steps to the plus end with probability:
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Backward stepping speed is force dependent (33) and the measured values also differ (40), (48). Our estimate is Vp =
6.0nm-s~ ! (33).

The probability of detachment is expressed as:

| Fal

Ddetach = eXP(F—D), (24)

where the detachment force (40, 48, 49) was estimated as Fp = Fg/2. When the attachment point of dynein motor is
not on a bead of MT, the force is acting on a point of a segment between two beads. In such a case, the force has to be
transmitted to the two closest beads. Since the mechanism of stepping and detachment of dynein is uncertain, we use the
model for kinesin stepping (50).

Dynein plays a role in two mechanisms. During the cortical sliding mechanism acting in the whole IS, the MT slides
on the membrane and its plus-end remains free. MT depolimerizes in the fixed position on the membrane of the cell
during capture-shrinkage mechanism acting in the center of the IS. Without the effects of dynein, MT detaches from fixed
position.

The densities of capture-shrinkage dyneins, prg, and cortical sliding dynein p;g vary through the range that could
be expected during the T-Cell activation, 0 < prs,prs < pmax. The maximum density of dyneins were estimated
considering its structure and size. The dynein comprises a long stalk and a ring-like head containing six AAA+ modules
whose diameter is comparable with the length of the stalk (51, 52), and N- and C-terminal regions. The size of the dynein
motor can be also estimated from the distance dp,, between the head domain of the dynein and the center of the attached
MT (53), dnm = 28nm, which substantially exceeds the length of the dynein stalk. For the case of simplicity, we compute
the area of plasma membrane covered by one dynein as ag = 7 * L3, where Ly is the length of the stalk. The number of

dynein Ngypein in 1 pum? is calculated as
—12

1
Ndynein - Td ~ 1000 (25)

Consequently, pyax = 1000m~2.

1.5 Microtubule organizing center (MTOC)

The MTOC is modeled as a planar, polygonal structure, composed from so-called sprouting points(points of MT sprout-
ing). If MTOC has QMTOC sprouting points, then the equal number of constraints holds them in a specified distance from
MTOC center(black lines in Fig. 3). Therefore, the ith constraint is defined as:

MTOC ¢ " , MTOC
C; = |/ — 7| = Rmroc i=1,.,0Q , (26)

where is the position of ith sprouting point and 7%, is the position of the center of the MTOC. Moreover, additional
QMTOC bonds keep the neighboring points in a constant distance dMTC(blue lines in Fig. 3).
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When MT is created, the so-called “’sprouting point” and “rear point” on the MTOC are chosen 4. The second bead
of the MT is attached to the sprouting point and the first bead to the rear point. Consequently, the original MT orientation
is given by the direction from the rear point to the sprouting point. Every MTOC point is the sprouting point to the same
number of MTs. The rear point is chosen from the points at the approximately opposite side(relatively to sprouting point)
of the MTOC 4a, which gives a variety of the initial MT orientations. Elastic force 4a anchors the MT in the MTOC,
while bending force 4b forces the MT to be aligned with the line connecting sprouting and rear points. The combination
of two forces assures anchoring of the MT and limitation of changes in orientation, simulating the effect of PCM.
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Figure 3: Sketch of the MTOC with Nytoc = 20 MT sprouting points represented by red spheres. The black sphere in
the middle depicts the center of the MTOC. Black lines connecting the points with the center and blue lines connecting
the neighboring points are nondeformable.
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Figure 4: The sketch of the MTOC and forces connecting the MTOC with MTs. The black line denotes the first segment
of microtubule. (a) Dashed lines depict the elastic forces connecting two points of microtubule to two MTOC points. The
green point represents the sprouting point and yellow points depict possible rear points. (b) Bending force minimizes the
angle © between the first segment of microtubule £, and the line 5 connecting sprouting(green) and rear(yellow) point.

1.5.1 Connecting microtubule and MTOC

The first segment of the MT is inside the MTOC 4a. The second and the first the MT beads are attached by elastic forces
to the sprouting point and the rear point, respectively 4a. Elastic forces acting on a MT bead can be written as:

-

da

F5™ = ks|da| - —, (28)
|da|
where ks = 30- pNum™? is a spring constant and dy = #MTOC — Fmicro ' where #MTOC and Fmicro are MTOC sprouting

point and the second bead of MT, respectively. Analogically, we can define the forces between the first bead of the MT
and the MTOC rear point. Bending forces 4b are calculated via:
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where 3 is the segment between the two beads of the MTOC, # is the first segment of MT. The forces Fiteid . and Fbend

act on the sprouting point and the second bead of MT, respectively. The force fo acts on the first bead of the MT and the
rear point.

2 Constrained Langevin dynamics
Using Langevin dynamics, the motion of an unconstrained particle with the position z; can be expressed:

Vi = fi + M, (30)



where 7); is a random Langevin force, which is a stochastic, non-differentiable function of time that integrates random
interactions with the molecules of the solvent. The force f; is the sum of all other forces and it depends on the object and
~ is the drag coefficient. In a constrained case, N beads in 3D have to satisfy ) constraints (54):

Ca(.%'l,...,.’)’;g*N) = Cq a = 17....,Q (3])

The constraints have to remain constant in every instance. Therefore, the movement of the beads must satisfy:

0=Cy=nig &4 a=1,..,Q (32)

where
oC,

(33)
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The motion of a constrained bead can be expressed:
YT = fi + M — NiaAa; (34)

where )\, is the constraint force conjugate to the constraint .

2.1 Mid-Step algorithm

Mid-Step algorithm was proposed by Fixman and further generalized by Hinch and Grassia (55-58) The algorithms was
elaborated for specific cases by Morse and Pasquali (54) and (59). Using the mobility tensor

Hipy = Lig, (35)

the equation (34) can be rewritten as:

:I';‘i = Hij [Fju — ’I’Lja)\a], (36)

where F}" = fi + m; is unconstrained force. The values of )\, for a = 1, ..., @) can be calculated from the conditions (32)
at every instant. It will result in the set of algebraic equations:

Gau)\u = niaHijFJyv (37)

where
Gau = niaHijnjw (38)
If the constraint forces are expressed by (37), we get the equation of motion from (34):
&; = Py HpFyY, (39)
where
Py =1; — HynpaGopnjy (40)
is a projection operator. In the case when the mobility tensor is expressed by (35), equation 40 can be rewritten as:
Py =1; —nia Ty nj, 41
where
Tau = Nia M- (42)

The dynamical projection operator is used to project forces to 3N — () dimensional hypersurface. Therefore, they are
locally perpendicular to the constraints.
The mid-step algorithm proposed by Hinch is for the case of mobility tensor (35) composed by four following substeps:

1. Generate unprojected random forces 7; and unprojected forces f; at initial position z?;

2. Construct projected random force nf” = P;;n; and ff = P, f;;

3. Calculate midstep position xg/ 2

via (39) and At is the time step;

0

= 29 + YAt /2, where the mobility in the original configuration i is calculated

4. Calculate updated bead positions z; = z9 + j?ll/ ®At, where le /% is evaluated with the deterministic and normal

vectors from mid position, but with the same projected random force from initial configuration.

Mid-step algorithm uses the projection operator (40) that alongside with the mid position calculation minimizes the
perturbations of constraints. Nevertheless, perturbations cannot be eliminated. Therefore, the MT has to be resized to
fulfill the constraints. In such operation, the angles between f; and t_;-+1, where ¢ = 1,..., N — 1 are conserved, the first
bead of MT remains constant and MT regrows from the MTOC. Consequently, the bending energy of the MT remains
unchanged.



3 Additional results

3.1 Influence of random forces

Random forces acting on the MTs have small effects since the motion of the MTs is constrained. Fig. 5a suggests that
random forces perpendicular to the cell membrane(red) have no effect since microtubule curvature is given by the interplay
of bending forces and the force of the membrane. The green forces, acting parallel to the segments of the MTs have also no
impact, because the MT is attached to the MTOC, making it a part of a very massive structure. Consequently, just random
forces depicted in purple in 5b can result in movement, making the random noise effectively one-dimensional. However,
the MT is still rigid structure, random forces act in contradiction and filament is bound to MTOC, which seriously limits
the movement of upper beads. Therefore, the influence of random noise can be expected to be negligible. Moreover, the
capture-shrinkage mechanism fixates the MT on both sides, further minimizing the effect of the random force. In Figs. 6a
and 6b we can see that the repositioning curves are almost identical for the case of the capture-shrinkage mechanism. The
Figs. 6¢ and 6d demonstrate that the developments of the number of attached dyneins also do not differ. During cortical
sliding repositionings the effect of the random forces is also negligible 7.
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Figure 5: Sketch of random forces acting on the MT from two perspectives. The big circle represents MTOC and smaller
circles represent beads of microtubule. Blue arc depicts membrane of the cell. Red, green and purple lines representing
random forces acting on every bead are perpendicular.

3.2 Comparison of two cases with different number of microtubules

The cytoskeleton of Myicro = 100 MTs (examined in previous section) is compared with the cytoskeleton of Mico = 40.

We define ngm(t) = % to examine the ratio of the attached dyneins and the number of the MTs in a cytoskeleton. Fig.

micro

8a depicts repolarization curves of two cytoskeletons for the case of the capture-shrinkage mechanism. The polarization
exhibits a triphasic behavior for both cases 8b.

We define nyax = max(ngm(t)). In Figs 8c it can be seen that ny,y is always bigger for the case of smaller cy-
toskeleton(caused by the small area of the center of IS and limited number of dynein). The Figs. 8c and 8d explain
the differences of speed in terms of the number of motors. When the area density is small, the smaller cytoskeleton is
pulled with relatively higher force. As the concentration increases, the maximum speed is achieved(p;s ~ 600um~2).
Subsequent increase of pulling force has no effect.

Figs. 9a and 9b depicting the repositioning under the influence of the cortical sliding mechanism shows the three
regimes for both cytoskeletons. In both cases, 7,y rises at the beginning, it reaches its maximum when frs ~ 200m~2
and then it decreases swiftly and then steadily 9c. For smaller densities, the number of dyneins per MT are smaller for
the bigger cytoskeleton. The situation is opposite when considering high area densities. Since the attached MTs aim in
different directions, dyneins compete in the area of higher densities. As the number of the MT decreases, the pulling forces
acting on individual filaments increase, leading to faster detachment. The MTOC speed increases when pis < 200pm™2
and then it decreases. We can see in 9d that the speed decreases for both cases even when ny,y stays approximately the
same, which is the consequence of dynein acting predominantly at the periphery.
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Figure 6: Combination of the capture-shrinkage mechanism and random forces. Solid lines stand for the sole capture
shrinkage and dashed lines for the combination with random forces. Legends in (a), (b) apply for (c), (d), respectively.
(a)(b) Dependence of the average MTOC-IS distance dyis on time, (c)(d) Dependence of the average number of dynein
Ny motors on MTOC-IS distance dys.
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Figure 7: Combination of the cortical sliding mechanism and random forces. Solid lines stand for the sole cortical sliding

and dashed lines for the combination with random forces. (a)(b) Dependence of the average MTOC-IS distance dyis on
time.

3.3 Capture-shrinkage and cortical sliding combined

As can be seen in Fig. 10b, addition of the small area density of capture-shrinkage dyneins in the center of IS causes
substantial decrease of differences between times of polarization. Moreover, the three regimes of behavior based on the
area density of cortical sliding dyneins is not observed in the presence of the capture-shrinkage mechanism. Surely, the
third regime presents a disadvantage, since the pulling force of dynein is wasted in unproductive competitions. Therefore,
the synergy of two mechanisms proves once more to be highly effective, since it does not only removes the third regime,
but also greatly reduces the times of repositioning when the area density of cortical sliding jis < 100um~—2. Fig. 10a
depicts times of repositioning for different sets of combined mechanisms since the capture-shrinkage area density varies
and cortical sliding density remains constant. We can see that the times of repositioning are in general shorter for the
case of combined mechanisms. Moreover, even when the area densities correspond to the second regime, the times of
repositioning are comparable. Combined cases, however, have just 15% of the number of dyneins. Additionally, we can
notice that the increase of area densities when pis > 500um™~2 presents no advantage since it causes slowing down of
repositioning in the absence of capture-shrinkage and has no effect when the mechanisms are combined. Fig. 10c shows
that the attached dyneins are predominantly located on the periphery of IS even in the case when pis > pis.
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Figure 8: Capture-shrinkage mechanism for two cytoskeletons with different numbers of microtubules: Mo =
100(solid lines) and Mpicro = 40(dashed lines). (a) Dependence of average MTOC-IS distance dyys on time. (b) De-
pendence of average MTOC speed tptoc on dmis. () Dependence of the maximum number of attached dyneins per
microtubule n,,, on area density pis. (d) Dependence of the maximum speed Sy on prs.

4 Commentary on modeling approaches

4.1 Cytosim

Cytosim is widely accepted as an efficient tool for the simulations of fibers (60). Although there are many similarities
between the models, we decided not to use Cytosim. The first reason is our goal to examine the role of Brownian motion.
The implicit integration used by Cytosim has a numerical error that could influence the precision of calculation in the
absence of thermal noise. The second reason is the simplified calculation of the bending forces used by Cytosim. The
advantage of such an approach, which enables to express the bending forces as a result of a matrix-vector multiplication,
is a great efficiency of calculation. Nevertheless, the procedure is valid only if the angles between subsequent segments
remain small. This presents a drawback, since the angles between the segment increase as the radius of the cell decrease.
More importantly, substantial curvature of the MTs can be expected during repositioning (61)(See 4.4). Moreover, the
“reshaping” of the objects due to the numerical impressions is done to keep the center of mass constant. Since the rigidity

of MTOC is an important part of our model, reshaping is done to keep the first the bead of the MT(therefore MTOC-MT
forces) constant.

4.2 Model using deterministic force

Kim and Maly (62) modeled the cortical sliding mechanism using the deterministic force. Although this model has various
merits, it leads to the contradiction with some experimental observable: for example MTs stalk going through the center
(62). This presents a drawback since various biological functions depend on the distribution of MTs.
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