iy

Biophysical Journal

w

Biophysical Society

Search and Capture Efficiency of Dynamic
Microtubules for Centrosome Relocation during
IS Formation

Apurba Sarkar,"”" Heiko Rieger,>” and Raja Paul'""
School of Mathematical & Computational Sciences, Indian Association for the Cultivation of Science, Kolkata, West Bengal, India and
2Department of Theoretical Physics and Center for Biophysics, Saarland University, Saarbriicken, Germany

ABSTRACT Upon contact with antigen-presenting cells, cytotoxic T lymphocytes (T cells) establish a highly organized contact
zone denoted as the immunological synapse (IS). The formation of the IS implies relocation of the microtubule organizing center
(MTOC) toward the contact zone, which necessitates a proper connection between the MTOC and the IS via dynamic microtu-
bules (MTs). The efficiency of the MTs finding the IS within the relevant timescale is, however, still illusive. We investigate how
MTs search the three-dimensional constrained cellular volume for the IS and bind upon encounter to dynein anchored at the 1S
cortex. The search efficiency is estimated by calculating the time required for the MTs to reach the dynein-enriched region of the
IS. In this study, we develop simple mathematical and numerical models incorporating relevant components of a cell and pro-
pose an optimal search strategy. Using the mathematical model, we have quantified the average search time for a wide range of
model parameters and proposed an optimized set of values leading to the minimal capture time. Our results show that search
times are minimal when the IS formed at the nearest or at the farthest sites on the cell surface with respect to the perinuclear
MTOC. The search time increases monotonically away from these two specific sites and is maximal at an intermediate position
near the equator of the cell. We observed that search time strongly depends on the number of searching MTs and distance of the

MTOC from the nuclear surface.

INTRODUCTION

Cytotoxic T lymphocytes (T cells) play a crucial role in
adaptive immunity by defending against virus-infected
and tumorigenic cells. Directional killing of an antigen-
presenting cell (APC) by T cells is completed in multiple
steps, including 1) binding of the T cell receptor to the
cognate antigen presented by the major histocompatibility
complex on the surface of the APC. The interaction leads
to the formation of a specialized T cell/APC junction de-
noted as the immunological synapse (IS), consisting of
several supramolecular activation clusters (1-4); 2) estab-
lishment of the connection between the T cell’s centrosome
or microtubule organizing center (MTOC) and the synapse
by the dynamic microtubules (MTs) (5,6); 3) translocation
of the MTOC to or near the target contact site achieved
by the development of tension on MTs (5,7,8); and 4)
the subsequent secretion of the cytotoxic content of lytic
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vesicles at the IS via exocytosis, which kills the target
cell (9-12).

Immediately after the establishment of the IS, the T cell’s
MTOC moves to a position that is just underneath the plasma
membrane at the center of the IS (9,13,14). One important
consequence of MTOC relocation in T cells is that the MT
minus-end-directed transport of vesicles containing cyto-
toxic material can be directed toward and terminated imme-
diately adjacent to the bound APC for subsequent secretion
via exocytosis (9-12). In search of understanding MTOC
translocation toward the synapse, suggested by Geiger
et al. (13), modulated polarization microscopy facilitated
the visualization of the cytoskeleton and MTOC in living
cells (8,15). Modulated polarization microscopy studies re-
vealed that MTOC repositioning is associated with a devel-
opment of tension on the MTs, resulting in a pulling on the
MTOC toward the IS. Before the initiation of the MTOC relo-
cation, the MTs are seen to be nucleated from the MTOC,
curve spontaneously following the shape of the cell boundary
contacting the IS (8). It is suggested that actin polymerizing
in a small patch at the center of the IS may facilitate MTs to
connect through IQGAP or CIP4 proteins (14,16-20). During
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the development of the IS, actin clears out from the center of
the synapse. As actin spreads out in the form of an expanding
ring, tension develops on the MTs as the ring enlarges
(14,21). The MT-associated molecular motor protein dynein
assists this tension development on the MTs, and it has been
suggested that dyneins drive the MTOC toward the IS via
cortical sliding (8,22,23).

A quantitative theoretical model for MTOC relocation
based on the “cortical sliding” mechanism has been sug-
gested by Kim and Maly (24). According to the proposed
model, the T cell is represented by a sphere with a radius
of 5-10 um that forces the individual MT's to run underneath
and along the plasma membrane. MTs that pass over the
T cell/APC interface are pulled by the dynein motors
anchored at the IS cortex, causing the MTs to slide past
the dynein while drawing the MTOC toward the IS. For a
range of conditions, Kim and Maly (24) find that the cortical
pulling mechanism is capable of reorienting the MTOC near
the cell interface, and the misorientations of the MTOC
were found to increase if the IS formed at a position near
the location that is symmetrically opposite to the location
of the T cell’s MTOC. The inclusion of dynamic instability
of the MTs in the model was found to have significant ef-
fects in improving the problem of misorientations.

More recently, Yi et al. (5) presented experimental evi-
dence against the “cortical sliding” mechanism of MTOC
relocation operating at the IS periphery and performed a
series of experiments suggesting that the centrosome reposi-
tioning is driven by dynein by an “MT end-on capture-
shrinkage” mechanism operating at the center of the IS.
Using an optical trap, APCs were placed such that the initial
contact point with the T cell appears exactly opposite to the
location of the T cell’s MTOC. Soon after the initiation of a
successful contact, several MTs in T cell are observed to
project from the MTOC, approaching toward the IS center
by spontaneously bending along the cell outlet (as observed
in Fig. 5 A of Yi et al. (5)), consistent with the previously
observed MT structure in T cells (Fig. 6 a of Kuhn and
Poenie (8)). Once the MTs’ plus end reaches the IS center,
dynein acts on it in an end-on fashion. The dynein power
stroke then reels in the captured MTs that depolymerize
(“shrink”) when pulled against the IS cortex, which results
in a movement of the MTOC toward the IS. A schematic
visualization of this “MT end-on capture-shrinkage” mech-
anism of MTOC repositioning mediated by dynein is de-
picted in Fig. 1 a.

In contrast to the “cortical sliding” mechanism, in which
all MTs tangential to the IS can potentially bind to dynein,
the “MT end-on capture-shrinkage” mechanism necessi-
tates the plus ends of MTs hitting a small area in the center
of the IS and binding to dynein within. Here, we propose a
stochastic “search and capture” model that assumes astral
MTs grow and shrink rapidly in all directions from the
MTOC, probing the inner surface of the plasma membrane
until they capture a small dynein patch at the center of the
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IS. The remarkable concept of “search and capture” was
first proposed in the context of mitotic spindle assembly af-
ter the discovery of the dynamic instability of MTs (25).
Dynamic MTs nucleate from the MTOC, probing the
cellular volume isotropically, and arrest the chromosome
upon encounter with the kinetochore, a proteinous complex
assembled at the centromeric region of the chromosomes
(26,27). After several theoretical investigations (27-32), it
was postulated that for an efficient search, 1) MTs’ rescue
frequency must be zero (i.e., MTs do not waste time search-
ing in a direction missing the target) (28), and 2) catastrophe
frequency is such that MTs grow on an average up to the
target (i.e., MTs do not experience any early catastrophe
while growing in the direction of the target) (28,29). In addi-
tion, several proposed mechanisms that can accelerate the
search process include spatially biased MT growth toward
the chromosomes (29,30,33), spatial arrangement of chro-
mosome (30,34), kinetochore diffusion (28,30), interaction
of MTs nucleated from kinetochore or/and chromosomes
with the centrosomal MTs (26,30,35-37), augmin-promoted
nucleation of MTs from the preexisting MTs and their inter-
action with centrosomal MTs (38,39), change in kineto-
chore architecture upon encountering MTs (40), and a
recently observed “pivoting and search” mechanism, in
which MTs pivot around the spindle pole in a random
manner exploring the space laterally (26,41,42).

Although the term “search and capture” was first coined
in the context of chromosome search during mitosis, the
concept is very generic and fundamental for numerous
cellular processes. MTs are the key regulator of the “search
and capture” process and capture the target contact sites for
successive cargo transport or to serve as ropes for the molec-
ular motors on which they can sit and pull the MTs, facili-
tating a number of cellular functions such as nuclear
migration in budding yeast (43), spindle positioning in Cae-
norhabditis elegans embryos (44), centrosome positioning
in interphase cells (45,46), orientation of cortical MT array
in plant cells (47), and nuclear positioning in fission yeast
facilitated by the formation of parallel MT bundles
(26,48). Moreover, in certain yeast species, such as Crypto-
coccus neoformans, MT-mediated capture and subsequent
aggregation of the MTOCs organizes the premitotic assem-
bly of spindle pole body (SPB) (49). Likewise, reassembly
of Golgi via the concentrated effort of centrosomal MTs
and the Golgi-driven MTs is also thought to rely on a
“search and capture” hypothesis (50).

To initialize the reorientation of the T cell’s MTOC to-
ward the IS, the efficiency of the “search and capture” pro-
cess is crucial. Any perturbations in the MT dynamics may
cause severe delay in the MTOC relocation process (5). To
estimate the efficiency of the search strategy, we calculate
the time required by the MTs to bind to the dynein-enriched
target at the central region of the IS (henceforth, synony-
mous with target). The faster the MTs find the target, the
faster the MTOC can reorient and deliver various cargoes
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i mediated end-on capture of the target localized at
the center of the immunological synapse (IS) in
T cells initiating the MTOC relocation. (a) A
sketch of MTOC relocation driven by the “MT-
mediated end-on capture-shrinkage” mechanism
(5) is shown. The T cell is represented by the outer
sphere, the nucleus by the inner sphere, MTs are
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the cell periphery. (b) A sketch of the theoretical
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MTOC in random directions and capturing the
target upon encounter is shown. The MTOC is
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the positive z axis. For illustration, the target in this figure is positioned at a polar angle ~90°. The target located above the imaginary horizontal plane
TUVW can be captured by the MTs directly and indirectly, whereas the target located below the plane is captured only indirectly. (c¢) Simulation results
showing average search time as a function of the target polar angle 8, with 30, 50, and 100 searching MTs are given. Notice that for 100 searching MTs,
the search time is within 1.75 min, whereas for 30 and 50 searching MTs, the target is successfully captured within this timescale if the target is located below
the polar angles 62 and 82°, respectively. Average search times maximize around 6, = 132°. The model parameters are cell radius Rc = 5 pm, hyroc =
nuclear radius Ry = 2.5 um, average MT length /,,, = 5 um, and target radius R, = 0.5 um, and the MT dynamic instability parameters are growth velocity
Vg = 14.3 um/min, shrink velocity v = 16 um/min, catastrophe frequency f. = v,/l,.,, and rescue frequency f, = 0. The standard error of the mean is smaller

than the corresponding point sizes. To view this figure in color, go online.

to the target site efficiently. We formulate a mathematical
model for this process and show that for biologically rele-
vant parameters of the process, the MT capture at the IS,
and concomitantly the initiation of the MTOC relocation,
is robustly achieved on timescales comparable to experi-
mental measurements (5). Further, we developed a compu-
tational model using stochastic searching MTs, which
confer additional support to the analysis and provide signif-
icant insights about the system. Utilizing the model, we
could predict optimized values of the parameters corre-
sponding to the minimal search time.

METHODS
Computational model

T cells under the conditions as in (5) have a spherical shape, with a radius of
~5-7 um, and have a large spherical nucleus, leaving only a few-um-thick
shell for the cytoplasm and cytoskeleton, in particular for the MTOC and
MTs. Therefore, we consider the cell and the nucleus as two concentric
spheres centered at the origin of radii Rc and Ry, respectively. The
MTOC is placed along the z axis above the north pole of the nucleus at
hyrroc (the north pole of the nucleus is the point on the periphery of the nu-
clear envelope with z = Ry; see Fig. 1 b). The dynein-enriched target zone
in the center of the IS is modeled as a circular stationary patch embedded on
the cell periphery depicted in Fig. 1 b. MT's nucleate from the MTOC, grow
and shrink rapidly while probing the space isotropically, and capture the
target upon encounter. Each MT is considered as a rod of negligible thick-

ness with the plus end growing at a constant velocity (v,) until a catastrophe
occurring at a frequency f.. After a catastrophic event, the plus end of the
MT shrinks with a constant velocity v,. Upon rescue with a finite frequency
f» MT grows again in the same direction, whereas the new cycle starts in a
random direction if f, = 0.

Statistically, the distance covered by the MT tip without undergoing a ca-
tastrophe is crucial to find the target placed on the cell periphery, indicating
that the average search time is a function of the average MT length /,,, and
dynamical parameters. Earlier studies on “search and capture” of chromo-
somes (28-30) suggested that an efficient search would require the MT to
explore the space randomly in all possible directions. Accordingly, upon
completion of an unsuccessful attempt to capture the target, MTs should
not be rescued. An optimal search, therefore, primarily requires setting
the rescue frequency to zero (f, = 0) and allowing the MTs to grow, on
an average, up to the length /,,, by regulating £, at a fixed v, through the rela-
tion 1,,, = v,/f. (see the Supporting Materials and Methods).

We study the MT dynamics by a stochastic model incorporating the four
parameters (vg, Vs, fo, f,) described earlier. The direction of the MT nucle-
ated from the MTOC is described by a polar angle 6 (where 6 € [0, 7])
and an azimuthal angle ¢ (where ¢ € [0, 27]) in the standard spherical polar
frame of reference. Depending on the direction of MT nucleation, two
distinct scenarios arise: 1) an MT hits the nucleus and undergoes instanta-
neous catastrophe, leading to complete depolymerization and de novo
nucleation of the MT in a random direction; and 2) the MT encounter
with the cell periphery spontaneously curves along the cell surface, prefer-
ring the direction of minimal curvature. Before reaching the cell periphery,
the MT remains straight. The MT is stabilized when the plus end makes a
contact with the target, and the target is said to be captured. Our model hy-
pothesis of spontaneous gliding of MTs along the cell periphery is based on
the observed MT contours, where individual MTs projected from the
MTOC appeared to glide along the cell periphery approaching the target
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(5,8). Additionally, we also considered the effect of cell-boundary-induced
catastrophe of the MTs, i.e., upon interacting with the cell wall, the MTs
either undergo catastrophe or glide along the cell periphery, depending
on the MT nucleation direction. Unless explicitly specified elsewhere, the
results are reported without considering any perturbation of MT dynamics
due to the interaction between cell wall and MT plus tip. Additional tech-
nical details of the computational model are presented in the Supporting
Materials and Methods.

Unless otherwise specified, we simulated T cells with cell radius Rc =
5 pm, nuclear radius Ry = 2.5 um, target radius R, = 0.5 pum, and the
following MT dynamic instability parameters: growth velocity v, =
14.3 um/min, shrink velocity vy = 16 pum/min, catastrophe frequency
Je = Vyll, and rescue frequency f, = 0. The reference parameters and addi-
tional parameters around the reference value are recorded in Table S1.

RESULTS AND DISCUSSION

Unbiased search by dynamic MTs efficiently
capture the target within experimentally relevant
timescale

The central question of the stochastic search-and-capture
process described by our model is whether such a random
process can lead to the capture of one or more of the MTs
at the IS in a few minutes. Before we present the results
of our detailed mathematical model (Fig. S1), we estimate
briefly the expected timescales based on a simplified pic-
ture. We assume that the T cell is spherical with radius
Rc =5 um, and, for simplicity, the MTOC is located some-
where immediately underneath the cell boundary. We iden-
tify the position of the MTOC with the north pole of the
sphere and assume that the center of the target with radius
R, =0.5 um is located on the surface of the sphere at a polar
angle @, with respect to the north pole. T cells are small, so
we can consider the simplistic scenario that there is not
much space between the nucleus and the plasma membrane,
and we can assume that MTs grow from the MTOC along
the cell surface in a random direction. They grow on average
to a length /,,, = wRc = 15 um (i.e., from the north to the
south pole) with a growth velocity v, = 15 um/min (28) and
then shrink with approximately the same speed vy, unless
they hit the target, where the plus end of the MT is immedi-
ately captured. In case the target is missed, the average time
for an MT to grow and shrink again is T, = L,,/vg + Lpdvs =
2 min; on completion of the cycle, the MT starts to grow in a
new random direction. Thus, 2 min is the average timescale
for an unsuccessful attempt of one MT to hit the target. The
probability, Pg,..:ions for a successful growth toward the
target is the ratio between the diameter of the target
(2R, = 1 pum) and the perimeter of the circle at the polar
angle 0,, L = 2wRcsind,, provided 6, is large. Note that
this imaginary circle inscribed at latitude 6, is parallel to
the equatorial circle. Because L is the largest for the equato-
rial positioning of the target (0, = 7/2), Pgirection Will be
larger than R./mR- = 0.032 elsewhere. The average number
of unsuccessful trials (i.e., MTs grow and shrink without
hitting the target) is N, = 1/Pgirection = TRc/R, = 31 and
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takes about 7, = N, T,, = 62 min. Consequently, a single dy-
namic MT needs, on the average, less than 62 min to hit the
target; likewise, for N dynamic MTs, the average time re-
duces to T,,(N) = max{T,/N, Rc./vy}; thus, for several
tens of MTs, the average capture time is just the time an
MT needs to grow up to the target at polar angle 6, i.e.,
less than 2 min. This estimate agrees well with the experi-
mentally observed time between the formation of the IS
and the start of the movement of the MTOC (5).

In the following, we support this estimate by extensive sim-
ulations of a detailed quantitative model described earlier. We
place the IS at various locations on the periphery of the cell to
estimate the average search time as a function of the target po-
sition. The MTOC is placed along the z axis above the nuclear
surface at a distance h,,70c measured from the center of the
cell/nucleus. MTs nucleate from the MTOC and search for
the target uniformly in all possible directions. In this model
system, a single MT can capture the target in two different
ways: 1) directly and 2) by gliding along the cell surface.

Capture time is maximal for targets located near
equatorial positions

We choose the experimentally relevant cell radius 5 um (5)
and nucleus radius 2.5 um (51,52). We set the average MT
length (1,,,1), to be determined by the dynamic instability pa-
rameters of the MT (see Egs. S1 and S2), to [, = 5 um,
and we use the optimal zero rescue frequency (Fig. S2). In
Fig. 1 ¢, we show the average search time as a function of
the target polar angle. The maximal average capture time
~1.75 min for 100 searching MTs is close to the experi-
mental observation (5) and supported by the result of the
scaling arguments discussed in the last section. When the
number of MTs is reduced to 50 and 30, the target is suc-
cessfully captured within the same time limit, provided
the target polar angles does not exceed ~82 and ~62°,
respectively. For N = 50, 30 MTs, the maximal capture
times are ~3 and ~4.9, respectively (Fig. 1 c). Fig. 1 ¢
shows that the mean search time as a function of target polar
angle monotonically increases to a maximum and then falls
off rapidly. The search time is minimal when the IS is
formed at the proximal pole on the cell surface with respect
to the MTOC (i.e., 6, = 0°). Interestingly, average search
time increase only marginally when the target is located at
the distal pole (i.e., 8, = 180°). The search time maximizes
at an intermediate position of the target away from the poles.

In Fig. 2, a—c, we show the capture time of a single MT as
a function of the angular position 6. of the target for
different cell and nucleus radii (Rc and Ry), target radii
(R,), and average MT lengths (/,,;). We find that the search
time decreases rapidly with increasing target size and that
the variation is maximal when the target is localized around
the equatorial periphery of the cell (i.e., . = 90°). Fig. 2 b
shows that the capture time is significantly reduced in the
smaller T cell.
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ical prediction, whereas the simulated data are shown by points. (a) Search times for cell radius R¢c = 10 um, hy70c = Ry = Sp m, and for varying target radii
R.=0.5, 1, and 1.5 um are shown. The black arrow indicates a sudden increase in the average search time; see text. (b) Search times for two different cell
sizes are shown: R¢c = 10 um, hyroc = Ry =5 pm and Rc = 5 um, hyroc = Ry = 2.5 um. Average MT length /,,, = R and target size R, = 0.5 pm. (¢)
Search times for different MTOC positions are shown: R, = 0.5 um, /,,, = Rc = 5 pm, and Ry = 2.5 um; search times are shown for hy7oc = 2.5 um and
hyroc = 3.5 um. Besides having characteristic similarities with (a) and (b), we find two crossovers in the average search time around 6, = 30 and 75° (shown
in the inset). (d-f) Search time decreases with the number of MTs. Here, we have fixed Rc = 5 um, hyroc = Ry = 2.5 um, R, = 0.5 um, and f. = v,/l,,,.. (d)
Search time as a function of the angular position of the target 6, with number of searching MTs N = 10, 20, and 40 is shown. The solid lines are obtained from
the analytical prediction, and the points represent the simulated value. (e) Search time is plotted against the inverse of the number of searching MTs (i.e., 1/N),
showing the time until capture decreases linearly with 1/N as the number of MTs increased. However, in the limit N >> 1, the average search time deviates
from the linear behavior (shown in the inset). (f) Average search time as a function of number of searching MTs (V) for different average length /,,,, in log-log
scale, is shown. The target is placed at 6, = 180°. Notice that the average search time follows the inverse law (with N) indicated by the slope of the dotted
reference line. To view this figure in color, go online.

Our simulation and analytically predicted data (see Sup- Methods) vanishes rapidly, leading to a sudden increase in
porting Materials and Methods for detailed analysis) inde- the average capture time.
pendently predict the rise in the search time up to a For longer MTs (I, >> Rc¢), the search time becomes

certain angular position of the target reaching a maximum maximal at a polar angle 0, ~ 90° of the target (Fig. 2 a).
and then falling rapidly back to a value close to the initial Here, the probability that the MT will be directed toward
one. A noticeable feature of the average search time profile the target (P irecrion) 1S minimal. For shorter MTs, the prob-
is the kink at a specific polar angle of the target (indicated by ability that the MT will survive (i.e., no catastrophe), P, cas,
arrows in Fig. 2 a). The feature appears when straight MT is small whenever the polar angle of the target is large
filaments directed toward the target are hindered by the nu- because the MT has to grow a long distance to find the
cleus and incidentally lose minimal visibility of the target  target. Thus, the effect of P, .., becomes more significant,
required for the direct capture (i.e., target transit from above and the maximum of the average search time shifts toward
the imaginary tangential plane TUVW (Fig. 1 b) to below). larger polar angle 6, of the target (Fig. 2 b).

Clearly, as long as the target is located above the imaginary
tangential plane TUVW, it is fully visible to the MTs,
implying that the MTs can directly capture the target
(with probability P girecs, r¢; ¢.f. Supporting Materials and
Methods). Once the target starts crossing the plane TUVW  The proximity of the MTOC to the cell periphery also
and becomes partially visible to the MTs, the direct capture significantly influences the capture time of the IS. Fig. 2 ¢
probability (P girecr, r=; ¢.f. Supporting Materials and demonstrates the variation of the average capture time as a

MTOC positioning within the cell significantly
influences the capture time
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function of the target polar angle 8, for two different MTOC
locations: in the proximity of and away from the nuclear
surface, quantified by the MTOC distances hy7oc. The
larger the hupoc is, the closer the MTOC is to the mem-
brane; thus, targets in the proximity (small target polar
angles) and targets at the opposite side of the nucleus (large
target polar angles, for which searching in the MTOC
proximity is ineffective) can be found earlier. Fig. 2 ¢ con-
firms this expectation and also shows that for intermediate
angles, an MTOC position closer to the nucleus is more
advantageous.

To understand MTOC position dependence on the capture
time more quantitatively, we resort to the analytical calcula-
tion presented in the Supporting Materials and Methods.
Essentially, the net capture probability is a sum of the prob-
abilities of the MTs being capable of capturing the IS
directly (Pgirecr) and the MTs having no direct access to
the target but capable of searching by gliding along the
cell surface (i.e., Pgiqe). Comparison of the two probabilities
provides a clear picture of the underlying process and is
described in Fig. S3. We notice that the simulation data
deviate from our analytical predictions for the larger
hyroc = 3.5 um, i.e., when MTOC is relatively closer to
the plasma membrane or farther away from the nuclear sur-
face. A large separation between the MTOC and the nuclear
surface allows the MTs to explore the space between them.
Although the search remains unsuccessful because of the
absence of IS in this region, the futile attempts by the
MTs increases the average search time for capturing
the target. The mathematical model presented here ignores
this local search and hence deviates from the numerical
data whenever MTOC is located away from the nuclear
surface.

Capture time depends on the number of
searching MTs

Search time shortens if more than one MT participates in the
search process (see Fig. 2, d—f). Fig. 2 d demonstrates the
average search time as a function of the target polar angle
for N = 10, 20, and 40 searching MTs. We find that the
search time decreases linearly as 1/N (Fig. 2 e), which is
again supported by our analytical considerations (see the
Supporting Materials and Methods).

We further analyze this scenario by plotting the average
search time as a function of the number of MTs for different
target location (6,). The search time tends to saturate beyond
a certain number of MTs that depends on the average MT
length. The saturation occurs earlier with longer average
MT length [,,, and with fewer MTs when the target is located
at the distal pole of the cell (i.e.,, 6, = 180°) (Fig. 2 f).
According to our analytical consideration elaborated in
the Supporting Materials and Methods, the probability of
a successful capture by N number of MTs is N times the
probability of a successful search by a single MT, P..
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When NP, approaches 1, further increase of the number of
MTs does not increase the capture probability anymore,
and the search time as a function of N saturates. For
instance, in a cell with radius Rc = 5 wum, perinuclear
MTOC (hyroc = Ry = 2.5 um), average MT length [, =
30 um, and target radius R, = 0.5 um located at the distant
pole (6, = 180°), two searching MTs (N= 2) yield NP, ~
2 x 06 =12 > 1 (P, is determined using Eq. S53),
ensuring the capture process is purely deterministic.

Optimized MT length minimize the average
capture time for a small number of MTs

To explore the behavior of the search time with the average
MT length (/,,,), the target is placed at a fixed polar angle
0. = 60°. The average search time is plotted as a function
of the average MT length for different numbers of MTs in
Fig. 3, a and b. Our data show that a single MT participating
in the search process gives rise to a sharp minimum in the
average search time for average MT length ~6 um (i.e.,
f. ~ 2.38 min~'). This feature is characteristically very
similar to the “search and capture” scenarios studied in
the context of spindle assembly during mammalian mitosis
(28-30). If the catastrophe frequency (f.) is small, MTs
waste time searching in the wrong directions; on the con-
trary, if the catastrophe frequency is large, MTs undergo
premature catastrophe before reaching the target. Therefore,
for an optimal search, f, (or ,,,) must be adjusted such that
the MT grows just enough to reach the target. As the number
of MTs increases, the minimum in the average search time
becomes shallower for longer MTs (data not shown here)
and finally vanishes for N >> 1 (Fig. 3 b). In this limit,
the effective search probability NP, that at least one MT
(out of N MTs) will be able to capture the target becomes
very large, and hence the optimization feature is lost.

As expected, for the target localized near the south pole of
the cell (i.e., 6, ~ 180°), MTs nucleated at any azimuthal
angle ¢ will have a finite probability to capture the target.
However, for a short MT, this probability is too small,
causing the capture time to diverge. On the contrary, longer
MTs can always find the target; thus, the sharp minimum in
the average search time vanishes even when a single MT is
executing the search (data not shown here). If the target is
located near the north pole of the cell (i.e., 8, ~ 0°) and a
single MT carries out the search, there are two possible
ways the MT can progress: the MT captures the target
directly or glides along the cell periphery and captures the
target after a complete circle. For this specific position of
the target, shorter MTs have a higher probability for direct
capture; however, the capture probability diminishes if the
direct capture fails and subsequently MTs glide along the
cell periphery. Hence, we find a minimum in the average
capture time if the average MT length /,, is close to the dis-
tance between the MTOC and the target (i.e., 2.5 um).
Further increase of the /,, increases the average capture



Capture Efficiency of MTs in T Cell

a e (min-1) b o (min-1) c e (min-1)
2014.3 143 072 048 036 0.29 143 143 072 048 036 029 143 143 072 048 036 0.29
0r=60° 28 07=60" 13 07=0°
z 110 N=1 —— z N=40 —=— T N=1 ——
E 100 E 24 E
@ Q G.l
£ 90 £ £
S 80 S ]
g g6 57
g 70 o g
5
< 60 < 1.2 <
50 0.8 3
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Avg. MT length (pm) Avg. MT length (pm) Avg. MT length (pm)
fe(min-T) e f
0 41 43 143 072 048 036 0.29
' 0r=0° 100 4
£035 N=40 —o— <
£ < £
v Q\ v
£ 03 5 £10 F
b= g =
~ € 04} 1 %
$0.25 z P, = Plcosp @ 1
. 8 ! . .
2 02 02} Pyge=1-Ra] 2
0.15 0 t—— / ) 0.1 ' -
0 10 20 30 40 50 0 3 6 9 121518 180 1 10 100
Avg. MT length (um) Angular position of the target 0, (degree) N

FIGURE 3 Search time as a function of the average MT length (a—d) and the effect of boundary-induced catastrophe of the MTs (e and f). Target is fixed at
6, = 60° and hyroc = 2.5 pm. The upper x axis indicates the MT catastrophe frequency f,. defining the average MT length. (a) Search time is shown as a
function of average MT length [, for N = 1, target is fixed at #, = 60°. The minimum is at /,,, ~ 6 um. (b) Same as (a) but for N = 40 is shown. The minimum
vanished. (¢) Same as (a) but with target fixed at §,. = 0° is shown. The local minimum is at /,,, ~ 2.5 um. (d) Same as in (c) but for N = 40 is shown. The
minimum vanished. (e) Optimal probability parameter for boundary-induced MT catastrophe as a function of the target location (6,) is shown. (f) Search time
is shown as a function of the number of searching MTs for three different target positions, . = 0, 90, and 180°, and for two different probability parameters
for boundary-induced MT catastrophe P’: , 0 and 0.5. To view this figure in color, go online.

time. For large [,, the probability of capturing the
target along the cell periphery dominates, leading to a
further decrease in the average capture time beyond a
certain MT length (Fig. 3 c). In the limit in which the num-
ber of MTs is large (N > 1), we see a monotonic decrease
in the search time (Fig. 3 d).

Effect of boundary-induced catastrophe of MTs

Although in T cells, MTs emanating from the centrosome
appear to follow the curvature of the plasma membrane to-
ward the IS (c.f (5)), it has been observed in other cell lines
that MTs impinging upon the plasma membrane either un-
dergo catastrophe or continue to grow along the cell periph-
ery (26,53,54). Several studies show that the distribution of
the MTs along the cell periphery is determined by the cell
shape, and the chances of the MTs to bend or undergo catas-
trophe upon interaction with the cell periphery are guided by
the angle of incidence at the cell cortex (26,53,54). There-
fore, we analyze in this section the effect of boundary-
induced catastrophe upon the search process.

It appears plausible that MTs hitting the cell boundary
nearly tangential at large angles of incidence (i.e., small
angle between the cell periphery and the MT) are prone to
glide along the cell periphery, and those hitting at small
angles undergo rapid catastrophe. The catastrophe can
also be enhanced by an opposing force at the MT plus end
or by motor proteins such as kinesin-8 that do not depend
on the angle of interaction (55,56). In the following, we
consider only a probabilistic catastrophe induced by the
cell boundary and depending on the MT’s angle of inci-
dence. Plausibly, the catastrophe probability P, should
depend on the angle (8) between the MT and the local
normal vector of the plasma membrane. We therefore
assume P, = P’c’cosﬁ and gliding probability as Pg”h.“d’e =
1 — P¢u, where Pf is the catastrophe probability parameter
varied between O and 1 (see Supporting Materials and
Methods). Consequently, upon interaction with the cell pe-
riphery, MTs undergo a catastrophe with zero probability
for tangential incidence (8 = 7/2) and with probability P?
for normal incidence (i.e., 8 = 0) (see inset of Fig. 3 e).
Note that in the absence of boundary-induced catastrophe,
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MTs spontaneously glide along the cell periphery, as consid-
ered earlier in this study.

In Fig. 3 e, we analyze the effect of the boundary-induced
catastrophe of individual MTs on the average search time
for different target location. The optimized value of P?,
which corresponds to the minimum of the average search
time, is plotted as a function of target polar angle (6,) for
10 searching MTs. We find that as long as the target remains
in touch with the proximal pole of the cell with respect to the
MTOC (north pole), the minimum in the average search
time is obtained for P2 = 1. For this specific target posi-
tioning, MTs have a lesser chance to capture the target by
gliding along the cell surface because the MTs having a
smaller average length can rarely capture the target by
traversing a complete circle around the cell periphery. The
shorter MTs that grow steadily and capture the target
directly dominate the capture process. In this case, Pf =1
would prevent most of the MTs from gliding along the
cell periphery, causing the emergence of a large number
of shorter MTs that ultimately decrease the average search
time by capturing the target directly. Strikingly, for the
target located slightly away from the proximal pole (north
pole), optimized Pﬁ decreases rapidly, and eventually for
all large polar angles of the target (f,), the minimum in
the average search time is obtained with P2 = 0. For such
target positioning, MTs that hit the cell periphery at polar
angles smaller than the target location glide along the cell
periphery toward the target, dominating the capture process.

Next, in Fig. 3 f, we plot the average search time as a
function of the number of searching MTs for P2 = 0.5
and for the target positioned at 6, = 0°, 6, = 90°, and
0. = 180°, respectively. We compare these with the data ob-
tained for PIC’ =0 (i.e., no catastrophe upon interaction
with the cell membrane). We find that for small numbers
of MTs, the search times for catastrophe probability param-
eter P2 = 0.5 differ marginally from P2 = 0, whereas for a
large number of MTs, the difference vanishes.

Proper tuning of the MT parameters and the
number of searching MTs lead to faster searching

In this section, we analyze how possible combinations of the
relevant parameters affect quantitatively the efficiency of the
capture process. First, we calculate the search time as a func-
tion of the average MT length /,,; and the number of searching
MTs N for three different positions of the target on the cell
periphery, viz., . = 0° (north pole), 90° (equatorial plane),
and 180° (south pole) (Fig. S4, a—c). For 6, ~ 0°, the
target is found early (in <2 min) even with short MTs
(Fig. S4 a). For the target located at . = 90°, the search takes
longer if the number of MTs is small and a large number of
MTs (N =28) is required to find the target in <2 min
(Fig. S4 b). For a wide range of N and /,,,, the average search
time can be less than 2 min if the target is located at the
south pole of the cell (i.e., 8, = 180°) (Fig. S4 c¢). Further-
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more, the search time is reduced to ~1.03 min and
~0.83 min for 6, = 180° with 10 searching MTs in a cell
with Rc = 5 and 4 um (52), respectively (Fig. S4 d).

Next, we analyze the variation of the search time with the
MT growth velocity (v,) at constant catastrophe frequencies
(Fig. S5, a—c). The prevalent trend of the data indicates that
the search time decreases rapidly with growth velocity and
tends to saturate at large v,. Capture time is reduced even
further at smaller catastrophe frequencies with a large num-
ber of MTs (Fig. S5 a). Intuitively, one can correlate this
with rapidly growing MTs searching the space relatively
faster than sluggish MTs and the smaller catastrophe fre-
quencies stabilizing the MTs growing in the direction of
the target. However, the search carried out with a smaller
number of MTs (e.g., N = 10) shows deviation from the
monotonic decrease in the search time; a minimum in the
average search time is observed as a function of v, at rela-
tively lower catastrophe frequencies (Fig. S5 b). Clearly,
with a few searching MTs, large v, and small catastrophe
frequency (f,) tend to increase the average MT length, and
the MTs spend more time searching in the wrong direction.
When the number of MTs becomes too large, the probability
that at least one MT will move toward the target converges
to unity, eliminating the optimization feature (Fig. S5 a).
However, if the target is located at the distal pole (south
pole) of the cell (i.e., #, = 180°), the minimum in the
average search time as a function of v, is not observed
even with a small number of searching MTs (Fig. S5 ¢).
The specific configuration facilitates the MT passing
through the target location; therefore, small catastrophe fre-
quencies and large growth velocities always lead to smaller
search time. The effect of the MT shrink velocity (v,) on the
average search time (Fig. S5 d) is not substantial for a large
number of MTs because v, does not affect the average MT
length significantly. Nevertheless, the effect becomes signif-
icant for a small number of searching MTs because the
higher the shrink velocity, the faster the MT can move
back to the MTOC and grow afresh in another random direc-
tion looking for the target.

Another important parameter that can regulate the search
time is the size of the nucleus. Depending on the target loca-
tion on the cell periphery, the average search time decreases
nonmonotonously with the increasing nuclear radius. Data
suggest that if the target location is not directly accessible
to the searching MTs because of steric hindrance from the
nucleus (e.g., at ., = 90° in Fig. S5 ¢), the monotonous
behavior is characteristically altered. The monotonous
decrease in the average search time is due to the dominant
effect of direct capture over the indirect capture, which is
evident from the feature of the average search time for the
target polar angle 6, = 0°. Because the target always re-
mains visible to the MTs at this position, direct capture leads
to the monotonous variation of the average search time for
all values of the nuclear radius (Fig. S5 ¢). Clearly, the
change occurs when the radius of the nucleus crosses



beyond a certain value for which the direct capture probabil-
ity starts to diminish (see plot for 8, = 60° in Fig. S5 e).
Consistent with our expectations, the average search time
is found to decrease with the target size (Fig. S5 f).

CONCLUSIONS

Faithful reorientation of the T cell’s MTOC toward the inter-
face with the target cell is a prerequisite for the polarized
secretion of the lytic granules containing performin and
granozymes at the target site, triggering the target cell lysis
(5,7-12,57). Central to this, two mechanisms are thought to
be involved in regulating the centrosome relocation. In the
cortical sliding mechanism, dynein motors anchored at the
periphery of the IS cortex reel in the MTs emanating from
the centrosome, causing them to slide past the IS while
drawing the centrosome toward the IS (8,22-24). Recently,
Yi et al. (5) presented evidence favoring an “MT end-on
capture-shrinkage” mechanism of MTOC repositioning, in
which dyneins localized at the IS center interact with the
MT’s plus end in an end-on fashion so as to couple the
MT’s depolymerization with the movement of the MTOC
toward the IS. According to the capture-shrinkage mecha-
nism (5), the force generators (e.g., dyneins) are thought
to localize at the center of the IS but not at the IS periphery,
as was perceived earlier in the cortical sliding mechanism.
Invagination of the T cell membrane at the center of the
IS toward the MTOC, observed in “frustrated” T cell/
APC conjugates where the MTOC is stuck behind the nu-
cleus, clearly argued that the force generation mechanism
is focused at the IS center. Additionally, dynamical imaging
of the MTs during normal repositioning showed an MT end-
on capture shrinkage operating at the IS center.

Our study addressed the question of effectiveness of this
dynein-mediated “capture-shrinkage mechanism” in the
light of a “search and capture” model in which individual
MTs, nucleated from the MTOC, undergo dynamic insta-
bility until they are captured by dynein anchored at the IS
cortex. We combined mathematical and numerical analyses
to estimate the average time taken by the aster of MTs to
secure an end-on attachment with dynein. Exponentially
distributed time until capturing the target, obtained numeri-
cally, is conceived as an input conjecture for the mathemat-
ical model (Fig. S6). We find that the capture of the target is
essentially a combination of a direct and an indirect process:
direct capture occurs when MTs hit the target without prior
interaction with the cell or nucleus—this process is preva-
lent for a target located in the cell hemisphere containing
the MTOC—and indirect capture arises because of MTs
that miss the target directly but glide along the cell surface
seeking the target—this process is dominant in both the cell
hemispheres and is the only mechanism of capture in the
hemisphere lacking the MTOC.

We observed, in general, that the search time largely de-
pends on the relative size of the cell and the nucleus; e.g.,
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the search process becomes efficient upon reduction of the
T cell diameter. The average search time for various loca-
tions of the IS on the cell periphery suggests that a single
MT would rapidly capture the target located near the prox-
imal or the distal poles of the cell. Away from the polar
regions, capture time increases and maximizes at an inter-
mediate angle determined by the system parameters. The
monotonic increase in the capture time transit through a sud-
den jump away from the proximal pole occurs when the
chance of directly capturing the target diminishes.

Although the target is rapidly captured at the distal pole,
such positioning of the target might lead to a tug-of-war-like
scenario during the MTOC relocation process. According to
the observation of Kim and Maly (24) and others (58), the
MTOC is sometimes stuck for a long time behind the nu-
cleus for this specific target positioning. Because of the
symmetry of the MT array nucleated from the MTOC, the
target can be reached by the MTs from all directions at
the same time, resulting in a vanishing dynein mediated
net pull applied on the MTOC. The pulling forces toward
the IS are so symmetrically distributed that to create an
imbalance in the forces, which is required to translocate
the MTOC toward the IS, a long delay may occur. Interest-
ingly, Yi et al. (5) showed that in such a “frustrated” condi-
tion, the membrane of the IS center often invaginates to
reach the stuck MTOC, demonstrating that the IS membrane
can also move to the MTOC instead of the MTOC coming to
the IS.

During IS formation, the centrosomes often appear to be
dissociated from the nucleus both in migrating and in resting
T cells (59), whereas in most other cell types, the centro-
somes remain closely associated with the nuclear membrane
through nesprins, a family of transmembrane proteins
residing on the nuclear surface (60,61). Lui-Roberts et al.
(59) showed that T cells in which centrosomes were irre-
versibly “glued” to the nucleus by expressing GFP-
BICD2-NT-nesprin-3 were still able to kill the target after
successful migration of their centrosome toward the IS.
Naturally, the question arises why the position of the centro-
somes varies in T cells. Lui-Roberts et al. (59) speculated
that the dynamic centrosome positioning might help the
migrating cells to jiggle around, seeking for the target
cell. However, why the centrosomes in resting cells adopt
different positions during IS formation has remained enig-
matic. One possibility could be that the cell attempts to alter
the search strategy that might be linked with the location of
the target because our study suggests that distance of the
MTOC from the nuclear surface significantly alters the cap-
ture time. Depending on the MTOC position above the nu-
cleus, efficiency of the capture process varies for various
angular position of the target along the cell surface. Interest-
ingly, the average search times for the MTOC located prox-
imal to the nucleus and away (close to the cell membrane)
cross each other at two distinct angular positions of the
target (see Fig. 2 ¢). Moreover, the MT array from the distant
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MTOC is found to be more efficient in capturing the IS at
small polar angles. For intermediate angular positions of
the IS, MTs from the MTOC proximal to the nucleus are
more effective, whereas MTs from the distant MTOC cap-
ture the large-angle targets relatively early. Analyzing the
dependency of the average search time on the MTOC posi-
tion, we argue that a T cell’s MTOC may adopt different lo-
cations largely to optimize the time required to capture the
target.

According to our analysis, the average search time de-
creases with the number of searching MTs and saturates
beyond a certain number of MTs that depends on the posi-
tion of the IS and the average MT length. Because all
MTs search in parallel, the efficiency of the search process
increases with the number of MTs. When a single MT
carries out the search, an optimized value of the average
MT length (or the catastrophe frequency) appears that cor-
responds to the minimum of the average search time. Inter-
estingly, the optimization feature as a function of the
average MT length diminishes if the number of MTs is
very large. However, if the IS formed at the distal pole of
the cell, the sharp minimum in the average capture time
does not appear even in the context of a single searching
MT. Because the average MT length is controlled by the
growth velocity and catastrophe frequency, a minimum in
the average search time as a function of the growth velocity
appears at smaller catastrophe frequencies with a fewer
searchers. A similar optimization feature at smaller catastro-
phe frequencies is not found with a large number of MTs;
instead, a higher growth velocity, together with smaller ca-
tastrophe frequency, leads to a rapid capture. Capture time
drops monotonically and does not pass through a minimum
for the target located at the distal pole of the cell, even if the
number of searching MTs is small. A similar type of feature
is also observed in the context of kinetochore capture in
fission yeast, in which the efficiency of the capture process
is primarily determined by the average MT length (42).
Because the catastrophe frequency and the growth velocity
primarily control the average MT length, these parameters

largely influence the capture process. A tabular list of
the different capture time scenarios depending on the num-
ber of searching MTs and the target location is shown in
Table 1.

Based on this observation, we argue that optimization in
the average search time is a robust mechanism that leads to
the rapid capture of the target and is therefore a prerequisite
with fewer searchers. However, the optimization is not
essential if the system contains a large number of MTs.
Consequently, the set of fewer MTs also needs to be more
dynamic to capture the target rapidly, whereas the search be-
comes faster with a large number of MTs when they are sta-
ble. Analysis of the average search time suggests that larger
targets reduce the capture time. Search time also changes
with the size of the nucleus. With increasing nuclear radius,
average search time decreases nonmonotonically for targets
with no direct capture possibility; for targets visible to the
MTs before hitting the cell periphery, direct capture proba-
bility dominates over the indirect capture, resulting in a
monotonous decrease in the average search time with nu-
clear size.

It is very likely that the cell and the nucleus could be
different from a sphere; therefore, an extension of the cur-
rent approach could include the analysis of capture effi-
ciency considering aspherical architecture of cell and
nucleus. In fact, it would be interesting to consider a sphe-
roidal cell with the MTOC placed along its major/minor
axis. Efficiency of the MTs capturing the target would
depend on the specific positioning of the MTOC inside
the cell. Similarly, the nucleus can also take a spheroidal
shape. Because the nucleus acts as a steric hindrance for
the MTs growing straightforwardly toward the target, the
capture time would clearly depend on the angular position
of the MTOC and the target. Besides, off-centered posi-
tioning of nucleus in the current model could also be rele-
vant and more realistic. The nucleus, by being positioned
away from the center of the cell, can regulate the capture
time by increasing or decreasing the effective distance be-
tween the target and the perinuclear MTOC.

TABLE 1 Average Search Time for Various Capture Scenarios Depending on the Number of Searching MTs and the Target

Positions

Target Position with Respect to MTOC (6,)

Number of Searching MTs Proximal (~0-10°)

Intermediate (~10-170°) Distal (~170-180°)

Single MT Average search time is relatively
small; a sharp minimum in the
average search time observed as a
function of average MT length.
Average search time is smaller than a
single MT; minimum in the
average search time persists,
though becomes shallower.
Average search time is very small
(~0.2 min); no minima observed
as a function of average MT length.

Few MTs (~10)

Many MTs (~100)

Average search time is relatively

Average search time is smaller than a

Average search time is small; no
minima in the average search time
is obtained as a function of average
MT length.
Average search time is smaller than a
single MT; no minima observed as
a function of average MT length.

large; a sharp minimum in the
average search time observed as a
function of average MT length.

single MT; minimum in the
average search time persists,
though becomes shallower.
Average search time is small
(<2 min); no minima observed as
a function of average MT length.

Average search time is small
(~1 min); no minima observed as a
function of average MT length.
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Although we have developed the model to understand the
optimal search strategy in T cell, the model itself is more
general. Most importantly, our model can be used to under-
stand search processes in which direct as well as indirect
search guided by the topology of the gliding surface on a
curved manifold is significant. In fact, in the premitotic
assembly of the central pole body (SPB) in yeast (C. neofor-
mans) via MT-mediated capture and aggregation of
MTOC:s, this model can be extended to estimate the time
required to form an SPB. In future, it would also be inter-
esting to generalize the model to predict the mitotic assem-
bly time, with emphasis on the recently explored MT
features. Moreover, our model can be used directly or can
be modified in a context-dependent manner to elucidate
the efficiency of search strategies that crucially regulate
many cellular functions in various organisms.

Certain aspects of our model motivate further experi-
ments. It appears that the MT must glide along the plasma
membrane to obtain the MT cytoskeleton organization
referred to in (5), but a systematic study observing the dy-
namics of MTs growing along the plasma membrane in
T cells remains to be done. We analyzed potential bound-
ary-induced MT catastrophe in a phenomenological way
by introducing a hitting-angle-dependent catastrophe proba-
bility and found that boundary-induced MT catastrophe
even has an advantageous effect for small target angles
and only mild effects for large target angles. For a better
microscopic understanding, the gliding of MTs along the
plasma membrane while one end is clamped at the MTOC
raises two major concerns: 1) whether the MTs have suffi-
cient resistance to bend without disintegrating the MT
lattice. Previous studies suggest that the MTs have mechan-
ical properties analogous to plexiglass and rigid plastics
(62), and the yield strength of MTs is similar to that of
polymethylmethacrylate (i.e., 40-70 MPa) (63); with a
25 nm diameter, they are sufficient enough to bend along
the plasma membrane bearing the tensile load applied to it
(24). Strikingly, recent studies by Schaedel et al. (64)
showed that MTs that were damaged over extensive load
might recover their initial stiffness by incorporating tubulin
dimer into their lattice; 2) whether the MT catastrophe upon
hitting the plasma membrane is biochemically suppressed
or whether, for instance, vimentin filaments induce the
increased curvature of MTs in the T cell. The MT plus-
end tracking proteins (+TIPs) are well known for their abil-
ity to accumulate at the MT plus end and could modulate the
MT dynamics. The most conserved +TIPs are the end-bind-
ing proteins (EBs), which may either interact directly with
the MT plus end or in combination with other +TIPs
(e.g., cytoplasmic dynein, dynactin, CLIP-170, plSOGl"ed,
etc.) (65). An observation made in the mammalian cells
by Komarova et al. (66) showed that EBs (particularly
EB1 and EB2) have little effect on MT rescue but actively
suppress the MT catastrophe. The observation of Komarova
et al. (66) is in line with the observed anticatastrophe activ-
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ity promoted by the proper homologs of mammalian EBs in
fission yeast (67) and in Xenopus extracts (68). In addition,
the intermediate filament vimentin (VIF), regarded as a
long-lived copy of the MT filaments, could also regulate
the MT dynamics via interacting with the MT through
several proteins (69,70). It is observed that the motile cells
like fibroblasts and lymphocytes have higher VIF levels
(71), and recently, Gan et al. (72) showed that VIF could in-
crease the persistence of the MTs to enhance the directed
cell migration. Likewise, other cytoskeleton proteins, such
as stable F-actin structures, could also guide MT organiza-
tion. Similar experiments in T cells could provide a clear
picture of the underlying mechanism of MT growth along
the plasma membrane in T cells. It would also be crucial
to identify the characteristics of dynein’s cortical activities
at the IS center (5) and the molecular basis of the bond for-
mation between the MT plus end and the dynein.
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