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The efficiency of intracellular cargo transport from specific source to target locations is strongly
dependent upon molecular motor-assisted motion along the cytoskeleton. Radial transport along
microtubules and lateral transport along the filaments of the actin cortex underneath the cell mem-
brane are characteristic for cells with a centrosome. The interplay between the specific cytoskeleton
organization and the motor performance realizes a spatially inhomogeneous intermittent search
strategy. In order to analyze the efficiency of such intracellular search strategies we formulate a
random velocity model with intermittent arrest states. We evaluate efficiency in terms of mean first
passage times for three different, frequently encountered intracellular transport tasks: i) the narrow
escape problem, which emerges during cargo transport to a synapse or other specific region of the
cell membrane, ii) the reaction problem, which considers the binding time of two particles within
the cell, and iii) the reaction-escape problem, which arises when cargo must be released at a synapse
only after pairing with another particle. Our results indicate that cells are able to realize efficient
search strategies for various intracellular transport tasks economically through a spatial cytoskeleton
organization that involves only a narrow actin cortex rather than a cell body filled with randomly

oriented actin filaments.

Introduction

Intracellular transport of various cargoes from specific
origins to target locations is crucial for the correct
function of cells and organisms. The cytoskeleton is
a self-organizing filamentous network that shapes the
mechanical and rheological characteristics of the cell
[1-5], drives cell motility or division [6] and coordinates
cargo transport between different cellular regions [7-9].
The main components of the cytoskeleton which are
involved in intracellular transport are the polarized
microtubules and actin filaments. Associated motor
proteins walk actively along these filaments, while
they simultaneously bind to cargo particles [10, 11].
Kinesin and dynein motors, which run on microtubules,
cooperate in transport with myosin motors, which walk
on actin filaments. Several motors of diverse species
are attached to one cargo concurrently [12-15]. This
enables a frequent exchange between microtubule-
and actin-based transport, which can be regulated by
signalling processes via the activity level of a particular
motor species [15, 16]. Intracellular transport switches
between two modes of motility: ballistic motion along
the cytoskeleton is interrupted by effectively stationary
states [17]. Cargo-motor-complexes frequently pause due
to mechanical constraints by intersection nodes of the
cytoskeleton and potentially cycles of detachment and
reattachment processes in the crowded cytoplasm, which
subsequently leads to a reorientation of the transport
direction [12, 18-22]. The run-and-pause behavior of
cargo influences the diffusional properties [23] as well as
the efficiency of intracellular transport.

Typically, cargo, like proteins, vesicles, and other
organelles, emerges in one region of the cell, but is

needed in some other area or has to fuse with a mobile
reaction partner. In the absence of a direct connection
between searcher and target, the transport is a stochas-
tic process with random alternations between ballistic
motion and reorienting arrest states, which is denoted as
intermittent search [24]. A particular set of parameters
defining this stochastic process, such as the switching
rates between ballistic transport and pauses, represents
a specific intermittent search strategy.

The efficiency of a search strategy is commonly evaluated
in terms of the mean first passage time that a randomly
moving particle needs in order to find a target. It
has been shown that tuning the search parameters can
substantially decrease the mean first passage time in
homogeneous and isotropic environments, i.e. under the
assumption of a spatially constant density of filament
orientations with no preferred direction. For instance,
it has been determined that an optimal choice of the
switching rates enhances the efficiency of intermittent
search strategies [24-27] and the search of small targets
on the surface of spherical domains also benefits from
modulated phases of surface-mediated and bulk diffusion
[28, 29]. Moreover, it has recently been achieved that
intracellular transport can profit from inhomogeneous
cytoskeletal organizations by demonstrating that the
transit time from the nucleus to the whole cell boundary
can be reduced by confining the cytoskeleton to a
delimited shell within the cell [30].

However, real cell cytoskeletons display a complex
spatial organization, which is neither homogeneous nor
isotropic. For instance in cells with a centrosome the
microtubules emanate radially from the central micro-
tubule organizing center (MTOC) and actin filaments
form a thin cortex underneath the plasma membrane
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with a broad distribution of directions again centered
around the radial direction [6], see Fig. 1 a for a
sketch. Consequently, the cytoskeleton is very inhomo-
geneous and characterized by a well defined actin cortex
[31, 32]. In essence, the specific spatial organization of
the cytoskeleton represents, in conjunction with motor-
assisted transport, an intermittent search strategy, which
is probably optimized for specific frequently occurring
transport tasks, but less well suited for others. Despite
recent achievements in inhomogeneous intermittent
search strategies [33-35], it is still obscure how much the
efficiency of diverse transport tasks is effected by the
interplay between spatially inhomogeneous cytoskeleton
organization, motor performance and detection mode,
in particular in comparison to homogeneous search
strategies.

Here, we investigate this question by formulating a
random velocity model with intermittent arrest states in
spatially inhomogeneous environments. With the aid of
computer simulations we analyze the search in terms of
the mean first passage time to detection for three basic
tasks, which are frequently encountered in intracellular
transport:

1) Transport of cargo from an arbitrary position within
the cell, typically from a location close to the nucleus,
to a specific area on the plasma membrane. For instance
directed secretion by immune cells requires the formation
of an immunological synapse [36, 37], and transport of
secretion material towards the synapse involves active
motion along the cytoskeleton [38, 39]. Active transport
towards a specific area on the plasma membrane is also
required to reinforce spatial asymmetries of proteins
which regulate polarized cell functions such as Cdc42 in
budding yeast [40], to induce the outgrowth of dendrites
or axons from neurons [41, 42] or to recover plasma
membrane damages [43, 44]. The stochastic search for a
specific small area on the boundary of a search domain
is reminiscent of the so-called narrow escape problem
[45, 46]. Here we ask, whether the specific organization
of the cytoskeleton, as sketched in Fig. 1 a, has the
potential to solve the narrow escape problem more
efficiently than the homogeneous pendant.

2) The enhancement of the reaction kinetics between
two reaction partners by motor-assisted transport. We
consider the binding time of two independently moving
particles within the cell, such as fusing vesicles, e.g.
late endosomes and lysosomes [6, 47]. In particular, we
check for the impact of an inhomogeneous cytoskeleton
organization and two different reaction modes. Detection
may either be possible by simple encounter, no matter
what state both particles possess, or it may exclusively
be possible when both particles are in the waiting state.
3) Finally the combination of the reaction and escape
problem, where cargo has first to bind to a reaction
partner before it can be delivered or dock at a spe-

cific area of the cell boundary, such as a synapse. A
prominent realization is the docking of lytic granules at
the immunological synapse of cytotoxic T-lymphocytes
[36, 38, 39] that requires the pairing with CD3-containing
endosomes beforehand [48]. Lytic granules have a low
docking probability at the synapse, whereas endo-
somes loaded with CD3 receptors have a high docking
probability. Apparently, it represents an advantageous
strategy to tether lytic granules and CD3 endosomes
first in order to guarantee the delivery of cytotoxic cargo
exclusively to the synapse. We analyze how the spatial
organization of the cytoskeleton supports the efficiency
of this strategy for different reaction modes.

In the following we refer to these three problems of
intracellular transport as 1) the narrow escape problem,
2) the reaction problem, and 3) the reaction-escape
problem.

Our goal is to show that in all cases spatially inhomoge-
neous intermittent search strategies exist, which are more
efficient than their homogeneous counterpart and which
are actually realized by the spatial organization of the
cytoskeleton of cells with a centrosome, see Fig. 1 a.

Methods

For this purpose, we present a coarse grained perspec-
tive on intracellular transport by exploring the effective
cargo movement, while neglecting the stepping of indi-
vidual motors at the molecular level. We formulate an
intermittent random velocity model in continuous two-
dimensional space and time, in which a particle performs
a random walk in two alternating motility modes: (i) a
ballistic motion state at velocity v(v, ¢,), which is associ-
ated to directed transport by molecular motors between
binding and unbinding events, and (ii) a waiting state
in which motors are unbound or particles are stuck at
filament crossings. The speed v is assumed to be con-
stant throughout the following. Transitions from motion
to waiting state (waiting to motion state) are determined
by a constant rate kn,—yq (kw—m). Hence, the residence
times ¢,,, t,, in each state of motility are exponentially
distributed

p(tm) = kmﬂweikmﬁwtma (1)
p(tw) = kw%me_kwﬂmtwa (2)

with mean values 1/kn—w, 1/kw—m. This is bio-
logically reasonable as active lifetimes of cargoes are
reported to be exponentially distributed [49]. While the
rate k., represents the detachment rate of the parti-
cle, ky—m defines the mean waiting time per arrest state.

Subsequent to a waiting period, the particle changes its
direction of motion according to a characteristic rota-
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FIG. 1: Random velocity model for intracellular search processes. a Targeted intracellular transport by kinesin, dynein and
myosin motor proteins is a stochastic process which strongly depends on the spatial organization of the cytoskeleton. The
cytoskeleton of cells with a centrosome is generally inhomogeneous. While microtubules emanate radially from the central
MTOC, actin filaments accumulate in the cortical layer underneath the plasma membrane and exhibit random orientations.
b We idealize the cytoskeleton structure in a spherical cell of radius Ry, by introducing a well-defined actin cortex of width §
which splits the cytoplasm into interior and periphery. An exit zone on the cell boundary is characterized by the angle aexit and
the detection distance of two particles is determined by R4. ¢ In the combined reaction-escape problem, two mobile particles
which are initially located at v, 3 perform a stochastic motion until they detect each other. Following the reaction, the
product particle is stochastically transported to the exit zone on the plasma membrane, as sketched by the green trajectory,

where the reaction-escape problem is terminated.

tion angle a0t which reflects the specific spatial organi-
zation of the cytoskeleton. We idealize the cytoskeleton
of a spherical cell with radius Ry, by introducing a well-
defined actin cortex of width § underneath the plasma
membrane, which splits the cytoplasm into interior and
periphery, as sketched in Fig. 1 b. While the interior
only contains microtubules, which emanate radially from
the central MTOC, the periphery is dominated by ran-
domly oriented actin filaments. With regard to the spa-
tial organization of the cytoskeleton, the walking direc-
tion ¢, = @, + a0t is updated with respect to the polar
angle of the current position 7(r,¢,) and the rotation
angle oyt is drawn from the idealized distribution

Pantero 6(ar0t) + (]—7pantcro) §(Oér0t77r)a
for 0 <r < Ry,—0, (3)
for R,—0 <r < R,

f(arot) =
1/(2m),

where pantero is the probability for anterograde transport
(radially outward transport along microtubule plus di-
rection) and (1—pantero) is the probability for retrograde
transport (radially inward transport along microtubule
minus direction). Hence the distribution of velocity
directions depends on the current particle position r
within the cell which accounts for the inhomogeneity
of the cytoskeleton. The distribution f(ayt) together
with the state transition rates ki, _su, kw_sm defines a
search strategy which is generally inhomogeneous and
anisotropic. Here, the special case é=R,, leads to a
spatially homogeneous and isotropic search strategy.

At time t=0, we assume the particle to start its search
in the motion state at position rg, which may either be
uniformly distributed throughout the cell (f(rg)=1/Rm,

f(ér,)=1/(2m)) or deterministically at the center of the
cell (r=0). Apart from stochastic transitions to the
waiting state with rate k,,_.,, a ballistically moving
particle pauses automatically at the MTOC (r=0), at
the inner border of the actin cortex (r=R;,—0), and at
the cell membrane (r=R,,), where the rotation angle
distribution f(ayet) is restricted to available values. For
the narrow escape problem, the search is terminated
when the particle hits the plasma membrane at the
exit zone of opening angle qe as illustrated in Fig.
1 b. In the case of the reaction problem, the search is
terminated by encounter of searcher and target particle
(|rS—rT|=Rq, see Fig. 1 b and c) either regardless of
their motility state or only possible in the waiting state.
Reaction takes place instantaneously. In the reaction-
escape problem searcher and target particle first have to
react before the newly formed product particle can be
transported to a specific zone on the membrane of the
cell. In the following we use rescaled, dimensionless spa-
tial and temporal coordinates r+ /Ry, t+>vt/ Ry, and
parameters kp, s = Rmkm—w/Uy kwosm = Bmkw—m /v,
00/ Ru.

The efficiency of a search strategy, defined by a spe-
cific cytoskeleton organization and motor performance, is
measured in terms of a mean first passage time (MFPT)
with respect to the events defined by the different search
problems. To calculate the MFPT we use an event-driven
Monte Carlo algorithm to generate the stochastic pro-
cess, as sketched in Fig. 1 ¢, and calculate the MFPT
as an ensemble average. We apply of the order of 106
independent realizations of the search process for each
parameter value such that the relative statistical error
for the MFPT is significantly lower than 0.5%.
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FIG. 2: Narrow escape problem for homogeneous and inhomogeneous spatial organizations of the cytoskeleton. a The MFPT in
dependence of the target size aexit, for different values of the transition rate ku,—w and ky—m=00 on a homogeneous cytoskeleton
structure. Dashed lines correspond to initially uniformly distributed searcher positions, whereas solid lines refer to searchers
which are initially located at the center of the cell. b The MFPT versus kn,—w for a homogeneous cytoskeleton organization
and diverse target sizes aexit and rates ky,—m. Lines are associated to the centered initial condition, while symbols correspond
to the uniform case. ¢ The MFPT for a homogeneous cytoskeleton organization and centered initial condition in dependence
of the transition rates km—w and ky—m for aexit=0.1. d The MMT and the # waiting periods against the width of the actin
cortex §, which defines the inhomogeneity of the cytoskeleton, for diverse pantero, km—w=0, centered initial condition and exit
size exit=0.1. e The same as in d, but for k.,,—.,=10. f The MFPT versus 0 and pantero for kﬁfﬁ,wzo, kfvpi}m:oo, which
constitutes the optimal choice of transition rates for a spatially homogeneous cytoskeleton, and centered initial condition of the
searcher in the case of cexit=0.1.

Results In order to demonstrate the gain in efficiency of a
spatially inhomogeneous search strategy, corresponding
to 0 < § < 1, we first consider homogeneous cytoskeleton

tasks. Here we focus on three different, biologically rel- ~ Organizations with 6=1. In accord?nce to [35.]’ we ﬁnd
evant search problems: the narrow escape, the reaction that the MFPT decreases monotonically with increasing
and the reaction-escape problem. We analyze the depen- target size aeyy for diverse values of the transition rates
dence of the search efficiency on the spatial organization ~ Fm—w and ky_m, as shown in Fig. 2 a and b. Fig. 2 a

of the cytoskeleton as well as the detection mode and the and b further display, that initially uniformly distributed
motor performance. searcher positions are slightly more advantageous than a

deterministic initial position at the cell center for large
target sizes. For great exit zones aexi; &~ 27, the searcher
is likely to find the escape by first encounter with the
membrane, hence the initial location of the searcher
has a strong influence on the MFPT. Contrarily, for
narrow escapes many hitting events with the membrane
are necessary to find the exit zone and, as a result, the
impact of the initial position of the searcher vanishes, as
the findings in Fig. 2 a and b demonstrate. Moreover,
Fig. 2 a and b indicate that an increase in the rate k,,_,

The proposed model allows the study of diverse transport

Narrow Escape Problem

First we consider intracellular transport of cargo which is
initially either centered or uniformly distributed within
the cell to a specific area on the the plasma membrane.
We evaluate the impact of a particular spatial organiza-
tion of the cytoskeleton, given by Eq. 3, on the search
efficiency.
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FIG. 3: Reaction problem for homogeneous organizations of the cytoskeleton. a The MFPT versus kmn—w and ky—m for
R4=0.1 and detection by simple encounter. b The same as in a, but for R4=0.025. ¢ The MFPT versus km—w and kw—sm
for R4=0.1 and detection which is only possible in the waiting state. d The same as in ¢, but for R4=0.025. € The MFPT in
dependence of ky—m for diverse rates km—w, Ra=0.1 and both detection modes.

as well as a decrease in k,_,,, hinders the detection of
targets alongside the membrane. Accordingly, Fig. 2 c
illustrates that the optimal choice of the transition rates
for a search on a homogeneous cytoskeleton is given
by k2Pt =0 and k2" =oco. Consequently, an unin-
terrupted motion pattern without directional changes
in the bulk of the cell constitutes an optimal search
strategy for a homogeneous cytoskeleton (6=1). In the
following, we ask whether an inhomogeneous filament
structure (§ < 1) has the potential to solve the narrow
escape problem more efficiently than its homogeneous
pendant.

To answer this question, we compute the influence of the
actin cortex width § on the MFPT for various parame-
ters km—sw, Kw—m, and pantero for small escape regions
of angle aeyit=0.1. Note that in this case the exit zone
constitutes only 1.59% of the total spherical surface. Re-
markably, we find that for large probabilities of antero-
grade transport pantero the MFPT exhibits a pronounced
minimum at small widths of the actin cortex §. This phe-
nomenon is largely robust against changes in the transi-
tion rates ky, . and ky . The MFPT can be split into
the total mean motion time (MMT) and the total mean
waiting time (MWT) a particle experiences in the course
of its search. Thereby, the MW'T is the product of the to-
tal mean number of waiting periods (# waiting periods)
and the mean waiting time per arrest state (1/ky—sm). In
[35], we showed that the number of waiting periods is in-
dependent of k,,_,,, and defines the optimal width of the
actin cortex ¢ in the limit of k,,_,,, — 0. Consistent with
[35], Fig. 2 d and e demonstrate that the MMT, which
defines the MFPT for ky,_,, — o0, as well as the mean
number of waiting periods display prominent minima in

dependence of § for large probabilities pantero for antero-
grade transport. However, when the search is dominated
by radially inward transport for small pantero, & homo-
geneous strategy d=1 is most efficient, since § # 1 and
Pantero=0 prevents the searcher from touching the mem-
brane. Nonetheless, Fig. 2 f shows that a small cortex
width § potentially reduces the MFPT by several order
of magnitude. This emphasizes the general enhancement
of the search efficiency by a spatially inhomogeneous fil-
ament structure compared to the homogeneous pendant.

Reaction Problem

Next, we investigate how efficient a spatial organization
of the cytoskeleton as defined in Eq. 3 can actually be
for the reaction problem. Two mobile particles with
identical properties and uniformly distributed initial
positions perform random motion inside the cell until
they detect each other and react. We consider two
different reaction modes which depend on the motility
states of both particles. On the one hand, searcher and
target particle react by simple encounter |[rS — rT|=Ry
regardless of the state both are in. On the other hand,
detection is only possible when searcher and target par-
ticle are in the waiting state and their relative distance
is smaller than the detection radius |75 —rT| < Ry. Fig.
1 c includes a sketch of the reaction problem.

Fig. 3 a-d show the results for the MFPT in the case
of a spatially homogeneous cytoskeleton (6=1) as a
function of the transition rates k,,_,, and k,,_,,, for two
different detection radii Rg=0.1 and R3=0.025. While
Fig. 3 a,b display that the optimal choice of transition
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FIG. 4: Reaction problem for inhomogeneous organizations of the cytoskeleton. a The MFPT in dependence of § and pantero
for Rq=0.1, k2P, =0 and k2", =oc which are the optimal rates for the homogeneous case when detection happens by simple
encounter. b The MFPT in dependence of § and pantero for Rq=0.1, k2P*, =13 and k5P, ,=34 which are the optimal rates for
the homogeneous case, since detection is only possible in the waiting state. ¢ Distribution of reaction locations r for various
values of pantero. The cortical width is fixed to §=0.5 and the transition rates kP, k2% are applied. Detection takes place
by encounter at Rq=0.1. d The same as in ¢ but detection is only possible in the waiting state. e Probability for a reaction to
take place in the interior or the periphery of a cell versus pantero for fixed width of the actin cortex §=0.5 and Rq=0.1. The
rates kSPY, ., kSPY  are applied for both reaction modes. f The MFPT in dependence of width of the actin cortex ¢ for Rq=0.1,
Pantero=0, km—»=10, diverse values of k., and both detection modes. g The same as in f but for pantero=1. h The same as
in g but for km—w=0. i The MMT as well as the mean number of waiting periods versus § for R4=0.1, pantero=1, km—w=0,

diverse values of kw—m and both detection modes.

rates is koP' =0, kOP% =co for detection by simple
encounter, a non-trivial optimum arises when reaction
is only possible in the waiting state, as shown in Fig.
3 ¢,d. Remarkably, the absolute values of the minima
are rather robust against alterations of the transition
rates, as indicated by the contour lines. Moreover,
Fig. 3 e illustrates that for high values of k,,_,, the
MFPT is largely independent of the detection mode.
The detection time is then dominated by getting the
particles in close proximity in the first place.

We take the optimal values ASPY, = kSPY — from the
homogeneous case §=1 and compute the MFPT for an
inhomogeneous cytoskeleton organization in dependence
of the actin cortex width § and the probability for

radially outward transport pantero. The results, shown

in Fig. 4 a and b, demonstrate that for both detection
modes a superior strategy can be found for pantero=0,
which drives the particles towards the central MTOC.
Fig. 4 c-e display that a cell is able to regulate the lo-
cation of the reactions, and thus the spatial distribution
of reaction products, by adjustment of pantero. While
for pantero=0 reaction mainly takes place in the interior
of the cell close to the central MTOC, it predominantly
happens in the peripheral actin cortex for pantero=1.
Note that the peaks in Fig. 4 ¢ and d at radial positions
r=Rq and r=R,, — Rq arise due to the detection radius
which is here set to R3q=0.1. Furthermore, the peaks
at v € {0;9; Ry} result from automatic switching to
the arrest state which is particularly beneficial when
detection is only possible in the waiting state. Besides
the reaction strategy of moving searcher and target
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particle towards the MTOC by pantero=0, which is
generally optimal for §=0 as indicated by Fig. 4 f, the
reaction time can also be minimized for paptero=1 by
establishing a thin actin cortex, as shown in Fig. 4 g and
h. The occurrence of the minimum depends critically on
both transition rates. Fig. 4 i displays that the MMT as
well as the number of waiting periods depend on ky, .,
and k. This is in sharp contrast to our findings for
the narrow escape problem and holds in particular when
detection is only possible in the waiting state.

Note that for instance the MFPT in Fig. 4 h and i dis-
plays a prominent kink at 6=0.1 for k,,_,,,=0 for detec-
tion in the waiting state. Under these conditions, a parti-
cle does not switch to the waiting state in the bulk of the
cell and consequently detection critically depends upon
automatic transitions to the waiting state at the MTOC
(r=0), the inner border of the actin cortex (r=1—4), and
the plasma membrane (r=1). When § < Ry, there are
three different realizations of searcher and target loca-
tions which may lead to detection: either both particles
at the membrane, both particles at the inner border or
one particle at the membrane and one at the inner bor-
der. When 1—R4q < 0, there are again three possible
configurations for detection: both particles at the inner
border, both at the MTOC, one at the inner border and
one at the MTOC. However, for Ry < § < 1—Rg, the
mixed configurations are not possible anymore and re-
action can only take place, when both particles are ei-
ther closely enough located at the membrane or at the
MTOC. This results in the kink of the MFPT at §=0.1,
since Rq=0.1 in Fig. 4.

Reaction Problem for nonidentical Particles

Until now, we studied the reaction problem for searcher
and target particles with identical motility pattern, i.e.
with equal transition rates k;,—w, kw—m and equal
probability for anterograde transport pantero-  Here,
we investigate consequences of nonidentical motility
schemes on the efficiency of intracellular reactions.

For that purpose, we fix the motility parameters (k5 .,
kS . Poitero) Of the searching particle, while varying
the ones (kL .., kX .. Do) Of the target. Fig. 5
a displays the MFPT in dependence of the width § of
the actin cortex for nonidentical values of pantero. While
DS ero=1 is fixed for the searcher, pl .. . is varied for
the target particle. Apart from that the particles are
identical. As expected, a strong inequality in pantero
increases the MFPT by several orders of magnitude as it
drives the particles apart. While the ones with paptero=1
are predominantly moving in the cortex, the ones with
Pantero=0 stick to the center of the cell. Consequently,

a homogeneous search strategy on a random network

with =1 is favorable in that case. This finding is robust
against changes in the transition rates kp—w, Kw—sm-
Remarkably, the influence of nonidentical transition
rates kpm—w, kw—m on the search efficiency strongly
depends on the detection mode, as found by Fig. 5
b and c. While making the target less motile than
the searcher, either by increasing kY _,, or decreasing
kL .., makes the search less efficient when detection
takes place by pure encounter, it has the opposite effect
when detection is only possible in the waiting state.
This result is robust against changes in pantero but van-
ishes for increasing k., as the search is then first of
all determined by getting the particles in close proximity.

Next, we analyze the consequences of an immotile target
which is uniformly distributed in the cell on the efficiency
of the reaction problem. Fig. 5 d shows the MFPT to an
inert target in the case of a homogeneous cytoskeleton in
dependence of the transition rates k,, .., and k,_,, of
the searcher for Rq=0.1. The upper panel displays the
MFPT for detection by encounter, whereas detection de-
pends on the waiting state in the lower panel. We find
that kP! =00 is optimal for both detection modes and

w—m
all values of the detection radius Rq. Moreover, kPt =0
is universally optimal for detection by encounter, whereas
kept. depends on Rq when detection is only possible in
the waiting state, as demonstrated by Fig. 5 e. In order
to investigate the impact of inhomogeneous cytoskeleton
organizations, we evaluate the MFPT to an immobile tar-
get in Fig. 5 f in dependence of pantero and d for both de-
tection modes, where the optimal transition rates for the
homogeneous counterparts are applied. For all widths
0 of the actin cortex, an optimal strategy to detect an
immobile target within the cell is defined by pantero=0.5.
In general, a homogeneous, random cytoskeletal network
(6=1, independent of pantero) is most efficient. This con-
clusion is very robust against changes in the transition
rates Ky, _sw, kw_sm and holds for both detection modes,
as indicated by Fig. 5 g and h. While the reaction prob-
lem for two identically motile particles can be efficiently
solved by restricting motility space (either by pantero=0
and 0=0 or by pPantero=1 and a thin cortex §, see Fig. 4),
it is best to explore the cell on a homogeneous network
(6=1 or at least pantero=0.5) in the case of randomly dis-
tributed immotile targets.

Reaction-Escape Problem

Next we study the efficiency of inhomogeneous search
strategies for the combination of reaction and escape
problem. Cargo first has to bind to a reaction partner
before the product can be delivered to a specific area
on the cell boundary. All particles obey the same
motility scheme. Fig. 1 c¢ shows a sketch of the
reaction-escape problem. The searcher and the target
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FIG. 5: Reaction problem for nonidentical particles. a The MFPT versus ¢ for nonidentical values of pantero. While pSicero=1
is fixed for the searcher, piiero is varied for the target particle. Apart from that the particles are identical, i.e. km_w=10,
kw—m=100. Both detection modes are considered for Rq=0.1. b The MFPT in dependence of ¢ for nonidentical transition
rates km_sw. The rate ki _,, is varied for the target, whereas the one of the searcher is fixed to kS,_,.,=0. Other parameters
are identical, i.e. ky—m=100, pantero=1 and R4=0.1. ¢ The MFPT versus ¢ for nonidentical transition rates ky—m. The
rate ki_,,, of the target particle is varied, while the one of the searcher is given by kS _,,, =100, otherwise km_sw=0, Pantero=1
and Rq=0.1. d The reaction problem for an immobile, uniformly distributed target particle and a homogeneous cytoskeleton
in dependence of the transition rates k.,—w and ky—m of the searcher for Rg=0.1. The upper panel shows the results when
detection takes place by encounter, while for the lower one detection depends on the waiting state. € The MFPT versus the
transition rate kn,—. for an immobilized target and homogeneous cytoskeleton, where ky—m=00 and Rq € {0.025;0.1}. Both
detection modes are applied. f The MFPT versus § and pantero for an immobile target and Rq=0.1. The optimal transition
rates for the homogeneous pendant are applied for both detection modes, i.e. (upper panel) k2P, =0, kSPY, =oco for detection
by encounter and (lower panel) kP, =7, k3P,  =oco when detection is only possible in the waiting state. g The MFPT in
dependence of ¢ for an immobile target and various pantero. Both detection modes are considered for Rq4=0.1, kmn—w=1 and
kw—m=00. h The same as in g, but for k.,—.,=10.

particle react and form a product particle once they
get closer than a distance Rq either regardless of their
motility state or only possible in the waiting state.
Then, the product particle performs the escape problem,
as the exit area is only absorbing for the product.
The total MFPT of the reaction-escape problem is
composed of the MFPT, ¢t for the reaction problem
and the MFPTgcape for the following escape problem
of the product particle to the exit zone on the plasma
membrane, i.e. MEPT=MFPT cact +MFPTescape-

Fig. 6 a and b present the MFPT for the reaction-escape
problem in the case of a homogeneous cytoskeleton

(6=1) as a function of the rates kpj—w, Kw—m for
R4=0.1 and a,xit=0.1. As expected, when reaction does
not depend on the motility state of the particles, the
MFPT is minimal for k%P =0 and kSP%, =oco, since
the MFPT of the homogeneous escape problem and the
one of the homogeneous reaction problem is optimal
for the same rates, as displayed in Fig. 2 c¢ and 3 a.
However, when reaction is only possible in the waiting
state, the MFPT features two minima, as a result of the
interplay between k,, ,,=0, ky_sm=00 being optimal
for the escape and ki, ,=13, ky_m=34 being optimal
for the reaction problem. While the global minimum
at k;_w=0, ky,_.n=1 is deficient, the local minimum
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FIG. 6: Reaction-escape problem for homogeneous and inhomogeneous spatial organizations of the cytoskeleton. a The MFPT
versus the transition rates kp,—. and kw—m for a homogeneous cytoskeleton organization with reaction radius Rq=0.1 and
exit size aexit=0.1, where reaction happens by encounter regardless of the motility state. b The same as in a, but reaction is
only possible in the waiting state. ¢ The MFPT in dependence of the actin cortex width ¢ and the probability for anterograde
transport Pantero for koPL =0, koPt, =00, Rq=0.1 and awxi:=0.1. Reaction happens by pure encounter. d The same as in c,
but for k2%, , =5 and k2P%,,=22. Reaction is only possible when both particles are in the waiting state. € The MFPT against
the width of the actin cortex 0 for km,—,»=0 and diverse values of ky—ym, where pantero=1, R4=0.1 and aexit=0.1. Reaction
happens by simple encounter. f The same as in e but reaction depends on the waiting state. g The same as in a but for

kpm—w=10. h The same as in f but for k,,—.,=10.

at koPt, =5 koP' =22 whose absolute value is only
5% higher than the one of the global minimum, is very

pronounced and robust against alterations of the rates.

In order to explore the influence of the spatial inhomo-
geneity of the cytoskeleton, we measure the MFPT for
the reaction-escape problem as a function of the cortex
width § and the probability for anterograde transport
Pantero 1 Fig. 6 ¢ and d for both reaction modes, where
we used the optimal transition rates koPY —and k2Pt
of the homogeneous case. Even though pantero=0 is ad-
vantageous for the pure reaction problem, as found in
Fig. 4, a low probability of radially outward transport
is highly inferior for the reaction-escape problem as it
prevents the compound particle from reaching the mem-
brane and thus from detecting the exit zone. A superior
search strategy for the reaction-escape problem is defined
by a high probability pantero and a thin actin cortex 4.
The gain in search efficiency by an inhomogeneous spa-
tial organization of the cytoskeleton is conserved also for
non-optimal transition rates k,,_ .., and ky_sm, as illus-
trated in Fig. 6 e-h. Consequently, adjustments of the
width of the actin cortex potentially reduces the MFPT
up to several orders of magnitude.

Towards a more realistic Cytoskeleton

So far we have studied intracellular search strategies in
two-dimensional environments. However, a generaliza-
tion of our model to three-dimensional spherical cells is
straightforward. When updating the particle direction,
the new velocity v*(v, 0%, ¢7) is given in a rotated coordi-
nate system where the z*-axis is pointing in the direction
of the current particle position r(r,0,,¢,). While ¥ is
uniformly distributed in [0;27), the azimuth 6} € [0;7]
is drawn from the rotation angle distribution

Da. 5(04rot) + (lfpa.) 5(ar0t7ﬂ')a
for 0 <7 < Ry—90, (4)
1/m, for Rpy—0 < r < Ry,

fSD(arot) =

which is the 3D complement of Eq. 3. In Fig. 7 we
assume a three-dimensional spherical cell of radius
Ry=5 pm which is consistent with the dimension of T
cells. Since the diameter of an immunological synapse is
reported to be of the order of microns [36, 38, 39, 48],
we choose yit=0.2 which results in an exit zone of
size 0.2 x 5 ym =1 pum. We further take into account
the typical size of vesicles by Rq=0.1 pm [48] and
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FIG. 7: Steps towards a more realistic cytoskeleton. The MFPT of the escape, the reaction and the reaction-escape problem in
dependence of the actin cortex width § for a three-dimensional, spherical cell of radius Rm=5 pm with exit=0.2, Rq=0.1 pm,
v=1 pum/s, pantero=1. For biologically reasonable transition rates km—w,=10/s and ky—m € {1071/8; IOO/S; 101/s} the reaction
mode (left-hand side for reaction by pure encounter and right-hand side for reaction which is only possible in the waiting state)
has no major impact on the search efficiency. a The optimal width of the actin cortex is approximately §°°*=0.3 um in the case
of a uniform distribution of actin filaments according to Eq. 4. b The MFPT for space-dependent transition rates ky—m (7)
and a total mean number of microtubules in the cell of Ny € {102; 103} in comparison to constant waiting times. ¢ Impact
of gaussian distributed actin orientations with mean pu € {0;7/2; 7} and standard deviation o=1 on the MFPT in comparison

to a uniformly random actin network.

the conventional motor speed by v=1 pum/s [6]. Since
cargo typically detaches at network intersections [12], a
transition rate of k;,—.,=v/¢=10/s results in a biolog-
ically reasonable mesh size of (=100 nm [31, 32]. We
consider ky_s,; € {1071/5;100/s;101 /s}, because the
mean waiting time of cargo at network intersections is
reported to be of the order of seconds [12, 50, 51], and
choose Pantero=1 which is optimal for the reaction-escape
problem as found in Fig. 6 and reflects a low activity
level of dynein motors.

Under these circumstances, Fig. 7 a reveals an optimal
width of the actin cortex of approximately §°P'=0.3
pm. This is in good agreement to the typical width of
an actin cortex [31, 32, 52]. The reaction mode has no
strong effect on the search efficiency, as already expected
by Fig. 3 e (here, the dimensionless transition rate is
km—w — Rmkm—w/v=50).

Still, Eq. 4 reflects a simplified view of the real cytoskele-
ton. Next, we take two steps towards a more realistic
cytoskeletal organization.

First we consider that the concentration of microtubules
is not constant but depends on the radial position r
within the cell. While the microtubule network is more
dense close to the MTOC, it gets more and more di-
lute in the cell periphery. The probability to find a mi-
crotubule decreases with increasing r and can be esti-
mated by pop (1) = Nypdyp/(277) in 2D and psp (1) =
Nyrd3r/(16r%) in 3D, where Nyr=102—10? specifies
the mean number of microtubules in the cell [53, 54]
and dyp=25nm is the diameter of a single microtubule
[6]. This can be considered in our model by introducing
position-dependent transition rates l;wﬁm(r):p(r)-kwﬂm
in the cell interior. Consequently, the greater the distance
from the MTOC and thus the lower the microtubule den-
sity, the longer the particle remains in the waiting state.
Fig. 7 b shows the MFPT for space-dependent transition
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rates I;wﬁm(r) in comparison to the results for constant
transition rate ky_s;m. As expected, the impact of the
variable microtubule density on the search efficiency van-
ishes with increasing width of the actin cortex ¢, since in
the periphery the rate k., _.,, is constant. Furthermore,
the effect is stronger for low values of Ny due to the
resulting greater mean waiting time per waiting period.
Overall, the gain in efficiency by a thin actin cortex is
conserved for the reaction-escape problem.

Eventhough the orientation of actin filaments in the cor-
tex typically is random, the exact distribution of actin
polarities is elusive. There are several mechanisms which
influence the directionality of actin networks. For in-
stance, actin filaments align to microtubules [55] or
form branches at distinct angles by the protein complex
Arp2/3 [56, 57]. In Fig. 7 ¢, we analyze non-uniform,
cut-off-gaussian rotation angle distributions in the cell
cortex

Da. 5(04r0t) + (1_pa.) 5(04r0t_7r)7
for 0 <r < Ry—90,
for Rpn—0 <71 < Ry,

()
with mean g > 0 and normalization N so that oo €
[0;7]. A mean value p € [0;7/2) (u € (n/2;7]) leads to
outwardly (inwardly) polarized actin filaments, whereas
u=m/2 corresponds to a predominantly lateral orienta-
tion. Fig. 7 c displays the MFPT in dependence of the
cortex width § for diverse polarities of the actin cortex
defined by the mean values p € {0;7/2;7}. The behav-
ior of the MFPT for lateral actin orientations (u=m/2) is
similar to the one of uniformly random actin networks,
because of the equal probability for outward- and inward-
directed cargo transport. An inhomogeneous cytoskeletal
structure with a thin actin cortex generally supports the
search efficiency. To the contrary, for outward-pointing
actin filaments (@ < 7/2) the particle is predominantly
moving in close proximity of the cell boundary due to
the actin network polarity. For that reason the cortex
width § largely does not influence the MFPT and the ho-
mogeneous limit =1 is most efficient. Inward-directed
actin polarities (> /2) drive the cargo towards the cell
center. While this is advantageous for the pure reaction
problem (the effect is comparable t0 pantero=0 in Fig.
4), it is highly disadvantageous for the escape and con-
sequently also for the reaction-escape problem. There,
an efficient search strategy strongly depends on the for-
mation of a thin actin cortex which forces the particle
closer to the membrane, as evident from the pronounced
minimum of the MFPT. In general, a larger standard de-
viation of the gaussian in Eq. 5 randomizes the actin
network. Consequently, the behavior of the MFPT con-
verges to the uniform case and an inhomogeneous cy-
toskeleton generally improves the search efficiency again
(see also [35]).

fSD (arot) =
N Hawe—i)?
V2 ’

11

Discussion

We analyzed the importance of the spatial organization
of the cytoskeleton of living cells for targeted intra-
cellular transport, which occurs when cargo particles
have to find reaction partners or specific target areas
inside a cell. Motor-assisted transport along cytoskeletal
filaments is known to enhance reaction kinetics in cells
which are homogeneously filled with random filaments
[25]. But such a condition is only fulfilled in a thin
actin cortex underneath the plasma membrane, since the
interior of the cell allows merely radial transport along
microtubules.

Remarkably, we find that the confinement of randomly
oriented cytoskeletal filaments to a thin actin cortex
is not a handicap for the cell, but can substantially
increase the efficiency of diverse transport tasks. We
obtain this result by formulation of a random velocity
model with intermittent arrest states which takes into
account the spatially inhomogeneous structure of the
cytoskeleton. Our model allows the systematic study of
the impact of the cytoskeleton organization, the motor
behavior and the target detection mode on the search
efficiency of diverse transport tasks. Here, we analyze
three paradigmatic intracellular search problems: the
narrow escape problem, the reaction problem, and the
reaction-escape problem.

We find that the best strategy for the escape problem
is to transport the cargo towards the periphery by a
high probability for anterograde transport and keep it
in close proximity of the membrane by providing a thin
actin cortex. In the case of the reaction problem efficient
detection is based on bringing the reaction partners
with identical motility patterns close together either
at the center of the cell (pantero=0, 6=0) or in a thin
cortex (Pantero=1, 9°P'). However, this strategy fails
for nonidentical particles with different motor activity
levels defined by pantero- Then, a homogeneous, random
cytoskeleton (6=1) is advantageous. ~While for the
reaction problem pantero=0 is most efficient, it is highly
deficient for the escape problem. Hence, both strategies
have to be combined effectively for the reaction-escape
problem. In the case that the motility pattern of the
product particle is not different from the one of searcher
and target, a high probability for anterograde transport
and establishing a thin actin cortex is favorable.

Our results indicate that cells with a centrosome are able
to realize efficient intracellular search strategies by inter-
mittent transport on a cytoskeleton with specific spatial
structure (see also [33, 34] for similar findings in a model
with intermittent diffusion). In comparison to the homo-
geneous pendant, an inhomogeneous cytoskeleton organi-
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zation which displays only a thin actin cortex generally
leads to a considerable gain in search efficiency for diverse
intracellular transport tasks.
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