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Mechanistic model for nuclear migration in hyphae during mitosis
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Saccharomyces cerevisiae and Candida albicans, the two well-known human pathogens, can be found in all
three morphologies, i.e., yeast, pseudohyphae, and true hyphae. The cylindrical daughter-bud (germ tube) grows
very long for true hyphae, and the cell cycle is delayed compared to the other two morphologies. The place of
the nuclear division is specific for true hyphae determined by the position of the septin ring. However, the septin
ring can localize anywhere inside the germ tube, unlike the mother-bud junction in budding yeast. Since the
nucleus often migrates a long path in the hyphae, the underlying mechanism must be robust for executing mitosis
in a timely manner. We explore the mechanism of nuclear migration through hyphae in light of mechanical
interactions between astral microtubules and the cell cortex. We report that proper migration through constricted
hyphae requires a large dynein pull applied on the astral microtubules from the hyphal cortex. This is achieved
when the microtubules frequently slide along the hyphal cortex so that a large population of dyneins actively
participate, pulling on them. Simulation shows timely migration when the dyneins from the mother cortex do
not participate in pulling on the microtubules. These findings are robust for long migration and positioning of

the nucleus in the germ tube at the septin ring.

DOI: 10.1103/PhysRevE.108.014401

I. INTRODUCTION

The opportunistic human pathogens Candida albicans and
Saccharomyces cerevisiae can grow as yeast, pseudohyphae,
and true hyphae [1—4]. Morphologically these three cell types
are different and their cell cycle progressions are not the same
[2,3,5]. The yeast form is nearly spherical, while pseudohy-
phae are elongated, and true hyphae resemble a cylindrical
shape. In yeast, cell division initiates by forming a ringlike
structure of septin on the surface of the mother-bud [6-8].
The septin position is marked as the bud emergence site from
where the bud initiates and grows with time [9-11]. The nu-
cleus within the mother-bud migrates to the mother-daughter
junction (septin position), and the spindle inside the nucleus
becomes parallel to the mother-daughter axis [8,12,13]. Then
anaphase is initiated, and the two buds are separated from
each other following cytokinesis [14—16]. Pseudohyphae cells
also follow similar mitotic steps with a few exceptions: (a) the
bud emerges in a unipolar pattern (from the opposite pole of
the birth scar from the previous cell cycle) and, on cytokine-
sis, the daughter-buds do not separate from the mother; (b)
consequently, branched chains of elongated buds are formed
[3,4,17-21]. Unlike budding yeast, both the mother- and
daughter-buds in pseudohyphae cells spend a long time in G2
and therefore enter their next cell cycle nearly synchronously
[3,22-24]. The differences between budding yeast and true
hyphae (or simply hyphae) are even more significant. In hy-
phae, the growth of the daughter-bud is polarized instead of
being isotropic [3,25-30]. As a result, a tubular daughter-bud,
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called a germ tube, comes out from the mother and, over time,
it can grow very long [31-35]. This polarized bud growth
is directed by a hyphal-specific organelle, the Spitzenkorper,
which is different from the polarisome that regulates isotropic
bud growth in yeast and pseudohyphae [3,19,36-39]. The
septin ring forms anywhere inside the germ tube, and the
nuclear division takes place at this septin position [3,40—42].
Like pseudohyphae, hyphal buds do not separate after cytoki-
nesis and therefore produce branched chains of hyphal tubes
[29,43-45]. The objective of this study, as described below,
aims to explore the mechanistic pathways that are responsible
for proper nuclear migration through the germ tube.
Although several genes and motor proteins participate
in nuclear migration in hyphae, it is identified that corti-
cal dynein and microtubule primarily regulate the migration
[40,46-49]. Given that mother-bud and hyphae have dis-
tinct geometries and possibly different molecular interactions
among the primary molecular players, a quantitative under-
standing of the nuclear migration is demanding. Existing
literature hypothesized models based on (a) microtubule (MT)
gliding, (b) dynein “pull” on nucleus, (c) dynein “pull” on
spindle pole bodies (SPBs), and (d) transport of nucleus
as cargo [40,46—48]. According to the microtubule gliding
model, cytoplasmic microtubules can lie in an antiparallel
configuration in the hyphal tube and slide when dynein is
attached between them. Eventually, some microtubules move
toward the hyphal tip. The nucleus can bind to the sliding
microtubules and gradually migrates along the hyphal tube.
The dynein “pull” on nucleus allows aggregated dyneins at the
hyphal tip to pull on the cytoplasmic microtubules attached to
the nucleus. This leads to the migration of the nucleus along
the tube. Dynein “pull” on SPBs is facilitated by astral mi-
crotubules that are nucleated from SPBs and reach the hyphal
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cortex to interact with dyneins. Since the SPBs are embedded
in the nucleus, the dynein pulling on the SPBs can move the
nucleus along the hyphal tube. Transport of nucleus as cargo
can be achieved by dyneins directly attached to the nucleus
and walking along the cytoplasmic microtubules. If the —ve
ends of such microtubules are oriented toward the hyphal tip,
then nuclear migration can occur. Among all these models,
the most significant is the dynein “pull” on SPBs as it is
experimentally established for nuclear migration in budding
yeast [S0-53]. In our earlier work, we considered this model
with additional cortical interactions of the astral microtubules
to show that the model can unravel many mitotic processes in
budding yeast Cryptococcus neoformans [54,55]. Using a sim-
ilar approach, in the present study, we explore the fidelity of
nuclear migration in hyphae using numerical simulation. Our
data signify that cortical pushing on the astral microtubules
from the mother-bud and pulling from the hyphae are essential
for a successful migration.

II. MODEL AND SIMULATION

Interactions between astral microtubules and the cortex
generate three types of forces on the microtubule tips: push-
ing force, pulling force, and sweeping force [8,13,56-63].
Pushing force repeals the tips away from the cortex, whereas
pulling force attracts the tips toward the cortex and sweeping
force pushes (slides) the tips toward the septin ring along
the cortex [8,13,56—63]. Pushing force is generated as the
cortex opposes polymerization of the microtubule, pulling
force is generated as the cortically anchored dyneins bind
the microtubule and walk along the filament toward -ve, and
sweeping force is generated as a cortical biml-kar9-myo2
complex is formed on the microtubule tip sliding toward the
septin ring [8,13,56-63]. Among the three forces, sweeping
force is mother-bud specific [8,13,60—63] and the other two
forces are active in both the mother and daughter cortices
[56,58,59]. In this study, cortex is considered ~0.2 um wide
from the cell membrane [7,8,55].

The mother-bud, nucleus, and the SPBs are considered as
spherical objects [54,55] of radii 7y, Fuue, and rgp, rESpPEC-
tively. The daughter-bud is a cylinder of radius 1.5 um [27,29]
and its polarized elongation is defined by the length of the
cylinder (here 9 um) [3,5] (Fig. 1). Initially, the nucleus is
randomly placed in the mother-bud and the SPBs are embed-
ded in the nuclear envelope [8,54]. At this stage, the SPBs are
kept very close to each other. Dynein motors are distributed
in the cortical region. The septin ring is placed halfway
through the daughter-bud. Sister kinetochores (KTs) are taken
as spheres [8,54,55] of uniform radius ry; and distributed
in the nucleus. Microtubules that connect kinetochores with
the SPBs are known as kinetochore microtubules (kKMTs).
Kinetochores form amphitelic attachments with the two SPBs
(Fig. 1). For simplicity, we do not consider monotelic, syn-
telic, and merotelic attachments of the sister kinetochores.
Cohesin binds the sister kinetochores until the beginning of
anaphase and behaves like a spring [8,54,55]. Due to polymer-
ization and depolymerization of the kMTs while interacting
with the kinetochores (Fig. 1), attractive and repulsive forces
are generated on the microtubule tips [8,54,55,64,65]. These
forces contribute to the movement of the two SPBs over the

nuclear envelope [8,54,55]. The kinesin5 motors bind the
antiparallel microtubules (interpolar microtubules) of the two
SPBs (Fig. 1) and produce repulsive force between the SPBs
[8,54,55,66]. This is the primary force within the nucleus
that facilitates SPB separation. The kinetochore microtubules
and the interpolar microtubules are collectively called nuclear
microtubules (nMTs). The structure of the metaphase spindle
depends on the nuclear microtubules. Besides nuclear micro-
tubules, the two SPBs nucleate another set of microtubules
which are found in the cytoplasm and interact with the cell
cortex [8,12,67,68]. These microtubules are known as astral
microtubules (aMTs). Due to cortical interactions of the as-
tral microtubules, three types of forces are generated on the
microtubule tips that are transmitted to the center of mass
of the nucleus resulting the nuclear movement. These three
forces are cortical pushing, pulling, and sweeping forces (see
above). The mechanisms by which the forces are produced are
described in the subsequent section.

Since microtubule is an integral component of the present
model, here we briefly describe their structure, kinetics,
and mechanical response exploited in the simulation. Micro-
tubules are modeled as cylindrical rods of vanishing radius.
The length of the cylinder is dynamically regulated by four
parameters [8,54,55,69-72]: polymerization speed v,, the rate
of transition from polymerization state to depolymerization
(catastrophe frequency) f,, depolymerization speed v, and
rate of recovery from depolymerization state to polymeriza-
tion (rescue frequency) f. [8,54,55,70-72]. Note that aMTs
and nMTs have different sets of parameters (vg, f, Vs, and f;)
(Table I). SPBs lying on the nuclear envelope nucleate the mi-
crotubules and, due to the dynamic length, tips of aMTs move
through the cytoplasm, whereas nMTs explore the nucleo-
plasm. Although the length of an unconstrained microtubule
is regulated by the set of four parameters mentioned above, in
the presence of a barrier (e.g., by cell membrane or cortex) the
v, and f are modified as v, = vg Xp(— fioad/ fotan) and fo =
SR+ [N feo — 1) eXp(— fioad / foan)]], Where, fioaa is
the effective force applied by the barrier, fg,y is the force that
stalls the growth of a microtubule, v, is the unconstrained
polymerization speed (zero load), f5@! is catastrophe rate of
a stalled microtubule, and f,o is the catastrophe rate of an
unconstrained microtubule [8,54,55,70,72,73]. While modifi-
cation of v, and f,, microtubule can depolymerize or still grow
slowly. If growing continues, then microtubule buckles as its
tip pins at the barrier. For simplicity, the force generated from
the buckling is considered to be a first-order Euler’s buckling
force that varies as the inverse square of the microtubule
length [71,74]. The buckling force is directed along the line
joining the microtubule tip and SPB.

A. Cortical pushing forces

When a polymerizing microtubule penetrates the springlike
cortex, spring pushing force ( ﬂ%ﬁgen) is applied on the tip
[56,57]. If the cortical penetration length of the microtubule is

lcor-pen and the cortical stiffness is &¢or-pen, then the force would

sh ..
be | Z%L;?pen| = Keor-pen lcor-pen- After entering into the cortex,

if the microtubule continues polymerizing and bumps into the
cell membrane, an instantaneous pushing force (| f?;]‘;f[}lhﬂ =

1 pN) is applied on the tip [8,54,55,70]. The instantaneous
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FIG. 1. Model schematic used to simulate nuclear movement in the hyphae cells. Various intracellular components and forces considered
in the model are shown. The daughter-bud (hyphal tube) grows with time and the nucleus reaches near the septin region driven by forces arising
from the interactions between the astral microtubules and cortex. The mitotic spindle assembles within the nucleus and orients parallel to the

hyphal tube.

pushing force vanishes in the subsequent times. Reaching the
cell membrane, the microtubule can either buckle [54,85,86]
or undergo depolymerization [54,87,88] with equal probabil-
ities (Ppuckle — piepolymerize _ ) 5y As mentioned earlier, a
buckled microtubule would generate a pushing forceIl due to
7pus | —

first-order Euler’s buckling having magnitude | fbuckling

200 lt;él [54,70,71,74]. Here iy is the microtubule length
and the force applied on the SPB pushes it away from the mi-
crotubule tip. Since all these three forces can be generated in
both mother- (M) and daughter- (D) buds, force terms and the

parameters are represented with appropriate sub- and super-
SCIpLs; €.2., fhuhen would be fhwne!) and fount?) if fhu

cor-pen cor-pen cor-pen is
generated in mother- and daughter-buds, respectively.

B. Cortical pulling force

Dynein motors anchored in the cell cortex interact with
the astral microtubules that penetrate the cortex. Since dynein
motors walk toward the -ve end of the microtubule, the inter-
action leads to an effective pull on the microtubules toward
the cortex which is further transmitted to the nucleus [58,59].
From the simulation perspective, an estimate of the force
applied by the dyneins is crucial. For that, we account for how
many dyneins are available on the microtubule’s length inside
the cell cortex. At a given instant, if [cor-pen is the microtubule’s
cortical penetration length and A4y, is the linear density of
cortically anchored dynein, then the number of dyneins inter-
acting with the microtubule would be leor-pen Adyn. Therefore
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TABLE I. Model parameters.

Abbreviations Meanings Standard values References
v Mother-bud radius 3 um [8,54,55]
e Nuclear radius 1 um [8,54,55]
Tspb SPB radius 0.125 um [8,54,55,75,76]
it Kinetochore radius 0.05 ym [8,77]
v;}g’m Polymerization speed of astral microtubules 6.4 um min~! [8,78,79]
aMTs Catastrophe rate of astral microtubules 0.34 min™! [8,78,79]
paMTs Depolymerization speed of astral microtubules 26.6 um min ™! [8,78,79]
aMTs Rescue rate of astral microtubules 0.02 min™! [8,54,55,78,79]
1 Sull(@MTs) Catastrophe rate of stalled astral microtubules 0.04 57! [54,55,72]
aMTs Stall force of astral microtubules 1.7 pN [8,54,55,73]
p"MTs Polymerization speed of nuclear microtubules 6.4 um min~! [80]
SIS Catastrophe rate of nuclear microtubules 2.14 min™' [80]
pIMTs Depolymerization speed of nuclear microtubules 18.6 um min~! [80,81]
foMTs Rescue rate of nuclear microtubules 0.04 min~! [80]
Loy Average interpolar microtubule length ~3 um [71]
Keor-pen Rigidity of cortex 5 pN um™! [8,54,55]
Adyn Cortical dynein density 6 um™! [8,54,55]
Sagn Single dynein force 1pN [8,54,55]
Abkm Cortical BKM density 6 um™! = Ay, [54,55]
Sokm Single BKM force 1 pN [55]
Kyt Stiffness of kinetochore 5pN um™! [8,54,55,65,82]
Kcoupler Rigidity of kinetochore-microtubule couplers 10 pN um™! [8,54,55,65,82]
HMonue Viscous cytoplasmic drag on nucleus ~100 pN s um ™! [8,54,55]
Mspb Viscous drag of nuclear envelope on SPBs ~25pN's um™! [8,54,55]
Mkt Viscous drag of nucleoplasm on kinetochores ~10 pN s um™! [8.54,55]
Ny Maximum permissible number of dyneins on astral microtubules 12 um™! [55,83,84]
Kon Dynein attachment rate to astral microtubules 1.6s~! [55,83,84]
ko Dynein detachment rate from astral microtubules 0.27 s7! [55,83,84]
Fy Dynein detachment force for astral microtubules 0.67 pN [55,84]
the pulling force generated on the microtubule tip is of the fgouucsl?lmg + ﬁ;ﬁl + fove Fsweep ). Since Ve = d);,l,uc . once we know

form | 1’; "' = leor-pen Mdgn fayn» Where f3  is the force due to
single dynein [8,54,55,70].

C. Cortical sweeping force

Cortical biml, kar9, and myo2 proteins form a complex
(bkm complex) that sweeps the microtubule tip toward the
septin ring along the cortex [8,13,60-63]. If l.orpen is the
cortical penetration length of the microtubule, Ay, is cortical
bkm density, and f,,, is single bkm force, then the sweep

force on microtubule is | fbweep| = loor-pen Mbkm - NOte
that sweep force is mother-bud specific and also specific for
the microtubules originating from one of the SPBs (see the
schematic of Fig. 1) [8,13,60-63]. Therefore when the micro-
tubules from the designated SPB leave the mother cortex, the
sweeping force vanishes.

D. Movement of the nucleus

Since the nucleus travels through viscous cytoplasm,
we use Stokes’s law to update nuclear position with time
[8,54,55,70-72]. If F Fot s the net instantaneous force actmg

nuc

on the nucleus causing a velocity V., then Fn‘lﬁ’é = nue Vie-

Here pn. is the coefficient of effective viscous drag ap—
plied on the nucleus and F'% = Y ( Z%‘;S*;en + /P ush

nuc mem- h1t
aMTs

instantaneous Vnuc, nuclear position (Xnuc) can be updated
time. In the simulation, the time step (Afr) is 0.01 s.

E. Kinetochore forces

When a kinetochore microtubule polymerizes against the
kinetochore (see Fig. 1), pushing force is applied on the
microtubule tip [8,54,55]. If «y is the stiffness and Al is
the compressed spring length of kinetochore, then | ﬂt,poly| =
Kkt Al Since ﬂt_po]y is a load force on the microtubule, it will
undergo depolymerization and leave the kinetochore (Fig. 1).
While leaving the kinetochore, coupling proteins residing on
the kinetochore may attach with the depolymerizing micro-
tubule and pull it toward the kinetochore [8,54,55]. If kcoupler
is the stiffness and Al.oupier is the stretched length of the
coupling proteins, then pulling force on the microtubule tip

would be |fcoupler| = Kcoupler Alcouplep

F. Kinesin5 force

In the simulation, we do not explicitly consider the ki-
nesin5 binding to the interpolar microtubules; rather, an
equivalent force expression is used to generate repulsive force
between the two SPBs [89,90]. If dypp.-spb and I, are SPB-SPB
distance and average interpolar microtubule length, respec-
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tively, then sliding (repealing) force acting on the microtubule
tipS is |fkin5| o8 dspb—spb eXp(_dspb—spb/lav)-

G. Equation of motion of SPB

SPBs move over the nuclear envelope and therefore
the motion is overdamped and we wuse Stokes’s law

to update SPB position with time [8,54,55]. If Fg‘g’g is

the instantaneous net force acting on the SPB, Vspb is
the instantaneous velocity of SPB, and pgp is the ef-

fective viscous drag on SPB, then F;g’g = spb Vipb-
Here Fst};)ﬁ = frins + Z (fktfpoly + ﬁ:oupler) + Z (f-‘cg)lﬁgen +

kMTs aMTs
push ~push Zpull Fsweep . . .
fmem—hit + fbuckling + fdyn + fbkm ) and Mspb 18 prOVIded mn
. — dX, - .
Table 1. Since Vg, = d—',‘“h, once we know Vi, instantaneous

SPB position (Yspb) can be updated with time.

H. Cohesin force

Sister kinetochores are joined by springlike cohesin hav-
ing rest length 0.1 um and spring constant 0.1 pN pum™!
[8,54,55,91]. Due to the movement of the kinetochores during
spindle formation, if cohesin length changes by ﬁlwhesin, then
a force fcohesin = 0.1 Alcohesin is applied on the kinetochores.

L. Equation of motion of kinetochore

Kinetochores move through viscous nucleoplasm, so the
motion is overdamped. Like the nucleus and SPBs, Stokes’s
law is followed to update kinetochore position with time
[8,54,55]. If Fk‘t"t is the instantaneous net force acting on the
kinetochore, th is the instantaneous velocity of kinetochore,
and py is the effective viscous drag on kinetochore, then

—_—— - St F - S
Fkto - Mktvkb Here Fkto - fcohesin - fkt—poly - fcoupler and
Wk is provided in Table I. Integrating Vi, = %, instanta-

neous kinetochore position (Xi,) can be updated.

J. Steric forces

Steric repulsion is present between overlapping (i) nucleus
and cell membrane, (ii) kinetochore and nuclear envelope, and
(iii) nonsister kinetochores.

The forces (except feonesin and steric) described above are
microtubule dependent. In our study, we consider four aMTs
and 20 nMTs per SPB [8,55,69,92,93]. Among 20, 16 are the
kMTs and 4 are the interpolar microtubules.

In this study, nuclear migration time is defined as the
average time taken by the nucleus to reach the septin ring.
Each simulation runs for a long duration (~300min) and a
nucleus reaching the septin ring within this time is considered
a success; otherwise, the migration is recorded as a failure.
In Figs. 2-5 a scale break is given (e.g., > 300 min) to denote
the failed migrations.

K. Stochastic dynein density in cortex

Among the three cortical forces, cortical pulling ( ff;ﬂl) de-
pends on the dynein density (A4yq) in the cortex. We first study
nuclear migration under constant dynein density (6 wm™").

However, practically, local dynein density is stochastic and

may depend on conditions such as the maximum permissible
number of dyneins on microtubule N;, dynein attachment
rate to microtubule K,,, dynein detachment rate from micro-
tubule k,p, and dynein detachment force for microtubule F;
[55,83,84]. The implementation of stochastic dynein density
is described below.

If n(r) denotes the instantaneous number of dyneins at-
tached with a microtubule (n <= N,), then the rate at which
any unbound dynein binds to the microtubule is k., (n) =
(Ng — n) Ko [55,83,84]. Following Bell’s (or Kramers’s) the-
ory, we assume that the instantaneous rate of unbinding
one of the n dyneins from the microtubule is approximately
ke (f199, n) = kg eVd™V/Fa [55,84,94,95]. Here £l is the
load force on the dynein. For simplicity, we assume the to-
tal pushing force (load) generated on the microtubule tip is
equally shared by the n dyneins [55,83]. At each time step of
the simulation, we use the above two expressions to determine
the local dynamic dynein density in the cortex.

III. RESULTS

In order to test the fidelity of the cortical forces toward
the nuclear migration, we proceed with various combinations
of the forces as follows. Contribution of forces arising from
the mother-bud (Fig. 2) and hyphal tube (Fig. 3, top panel)
are checked independently, followed by a combined effect
(Fig. 3, bottom panel). We explored the effect of a constant
cortical dynein density (Fig. 2 and Fig. 3) and stochastic
dynein density (Fig. 4) on nuclear migration. Since cortical
dynein pulling from the mother-bud opposes nuclear migra-
tion [Fig. 2(c)], we completely suppress the activity of mother
cortical dyneins and check nuclear movement (Fig. 5). To
test the robustness of our model, we vary the position of the
septin ring and follow the nuclear movement [Fig. 5(f)]. The
outcome identifies the pathways to a finite nuclear migration
time and right spindle orientation for different positions of the
septin ring in the hyphal tube.

A. Cortical pushing force from mother-bud can be significant
for nuclear movement toward hyphal tube

A polymerizing microtubule in contact with the mother

cortex experiences three types of pushing force, i.e., fZ%‘ﬁEé?,“,

ﬁiﬂi’%) and f?&%ﬁ? (see the model; Fig. 1). Here we quantify
the effect of these pushing forces on nuclear migration by
omitting forces generated in the daughter-bud. We increase
the rigidity of the cortex chztgrfpen gradually and measure net

force on the nucleus (|EE="]). Figure 2(a) shows that with the

increase of k2, ., net force on the nucleus |FRS™| increases
monotonically while the nuclear migration time decreases
abruptly and then saturates. During variation of /cé‘gr_pen, the
pushing force at the mother cortex due to microtubule buck-
ling is generated as per | f_,fuiﬁing| = 20012, as mentioned
earlier. We identify that most of the microtubules from the
left SPB (schematic of Fig. 1) engage with the mother cortex
and generate the pushing force, whereas some of the micro-
tubules from the right SPB interact with the daughter cortex.

Therefore, the net cortical pushing on the left SPB is greater
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migration time. (b) If the cortical sweep (bkm force) works alone in the mother-bud, then the required force for nuclear migration is not
achieved, resulting in unsuccessful migration. (¢) When cortical pull (dynein force) independently applies on the astral microtubules from both

the SPBs, the nucleus moves toward the mother cortex opposing nuclear migration toward the hyphal tube. (d) For higher values of «¥
(>8 pN um™!), cortical pushing overcomes cortical pulling promoting successful migration.

than the right SPB. As a result, the nucleus moves rightward
in the daughter-bud.

Next, we focus on the independent contribution of the
cortical sweep ( f;gnfep(M)) on the migration [Fig. 2(b)]. We
set all other forces to zero and vary the force due to the bkm
complex. The bkm force (i.e., the bias force) is mother-bud
specific and also specific to microtubules from one particular
SPB (the right SPB as per Fig. 1). Therefore when the mi-
crotubules from the right SPB do not encounter the mother
cortex, the bkm force dies out. Consequently, the net bias
force on the nucleus becomes insignificant and nuclear mi-
gration is not achieved.

Further, we discuss the independent contribution of the
cortical pulling from the mother-bud ( f?;;l(M)) on the nu-
clear migration in Fig. 2(c). Similarly to the cortical pushing
scenario, the net cortical pulling on the left SPB is greater than
the right SPB due to more microtubules from the left SPB in-
teracting with the mother cortex. As a result, the nucleus tends
to move toward the mother cortex, i.e., nuclear migration is
opposed by the pulling from the mother cortex.

Since only the cortical pushing force promotes nuclear
migration, we reinvestigate the contribution of the pushing

cor-pen

force on migration when cortical sweeping and pulling are
present in the mother-bud [Fig. 2(d)]. The data show that
the pushing force is capable of producing a finite migration
time together with other forces. When the cortical rigidity
parameter is Ké‘gr_pen is small, cortical pulling dominates over
cortical pushing and sweeping forces and therefore migration
is impaired. At larger Kélgppen, the pushing force aided by the
sweeping force exceeds the resistance of the pulling from the
mother cortex and achieves timely nuclear migration.

B. Cortical pulling force from hyphal tube favors nuclear
migration

Before reporting the results due to pulling force we discuss

the effect of cortical pushing forces ( ﬁiﬁﬁf‘f), ﬂggi‘ﬁ), and
?uﬁflﬁfjg)) from the hyphal tube. Microtubules penetrating the

cortex translate the pushing force fiwncn’

that depends on the rigidity parameter chér_pen

Fig. 3(a). In the simulation, pushing (/2*"*")) and buckling

mem-hit

on the nucleus
as shown in

( flzlucsl?l(ifg)) forces are generated on the microtubule tips using
the standard parameters and the rest of the forces from the
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FIG. 3. Strong cortical pull from the hyphal tube is necessary for effective nuclear migration. In the absence of all forces produced in
mother-bud [(a)—(c)], the cortical pulling force from the daughter-bud helps the nucleus to reach the septin ring within finite time [(b) and (c)].
(a) Among the three cortical pushing forces (i.e., fRuh fPent) and __&L'Csflfg)), fRushit) s considered to study the effect of cortical pushing on
the nuclear migration. With the increase of «__, , the total pushing force from the hyphal cortex on the nucleus increases opposing nuclear
migration toward the hyphal tube. (b) If the cortical pull (dynein force) works alone in the daughter-bud, then the required force for nuclear
migration is achieved by the nucleus and therefore migration occurs within a finite time. (c) The presence of cortical pushing forces suppresses
cortical pulling force for small values of dynein force (< = 1 pN) extending nuclear migration time. Increased dynein force enables cortical
pull to dominate over cortical push, resulting in finite migration time. [(d) and (e)] Cortical pushing from mother-bud and cortical pulling
from the daughter-bud [similarly to Fig. 2(a) and Fig. 3(b), respectively] can migrate the nucleus when all other forces from the mother- and
daughter-buds are active. With the increase of Kﬁ‘gr_pe“ (>5 pN um™") and single dynein force (> 1 pN), a finite migration time is observed. (f)
In the combined force-field scenarios [(d) and (e)], if the microtubules of right SPB (as in Fig. 1) frequently slide along the hyphal membrane,
then several dyneins can be attached to them and generate strong cortical pull on the nucleus. Thus, finite nuclear migration time is observed

at smaller values (standard) of k2 (5 pN um™") and single dynein force (1 pN).

cor-pen

hyphal tube (e.g., dynein pull f*dPy"I:KH )) are ignored. To measure 40 not interact with the hyphal cortex (Fig. 1). Hence net
the independent effect of the hyphal tube on nuclear migra- cort1pal pqll on the nucleus remains rightward and migration
tion, all the mother-bud forces are turned off [Figs. 3(a)-3(c)]. ~ continues in the hyphal tube. In Fig. 3(c), we check the effi-
The schematic in Fig. 1 shows that while the microtubules cu?ncy.of the cortical pulling f(?rce corresponding to the finite
from the right SPB easily reach the hyphal cortex, micro- ~ Migration time when the cortical pushing forces are turned
tubules from the left SPB cannot reach there. Consequently, ~ ©n. It is observed that the contribution of cortical pulling on
the net pushing force on the right SPB is transmitted to the ~ Migration is almost the same without the cortical pushing
nucleus shifting leftward, i.e., migration is not favored in this force as shown in Fig. 3(b). For smaller values of dynein force

scenario. (< =1 pN), cortical pushing dominates cortical pulling and
To check the independent contribution of cortical pulling  therefore migratiop is Perturbed. _
force ( f(}ayulll(H ) on nuclear migration, we ignore all the cortical Results shown in Fig. 2 and the top panel of Fig. 3 suggest

pushing forces and measure net pull on the nucleus by varying that cortical pushing from the mother-bud and cortica'l pulling
the single dynein force [Fig. 3(b)]. Net pulling on the right ~ from the daughter-bud are redundant forces that can indepen-
SPB is transmitted to the nucleus and it migrates rightward. d.entl)./ facilitate the nucl.ear migration. Considering a realistic
After entering the hyphal tube, microtubules from both the  Situation, we now consider all the forces from mother- and
SPBs interact with the hyphal cortex and apply an opposite daughter-buds and discuss the nuclear migration features in
pull on the nucleus. While the cortical interactions of the  Fig 3(d) and Fig. 3(e). It is observed that if the rigidity of
microtubules from the right SPB remain unaltered, some of ~ the mother cortex KcMor-pen is larger than 5 pN um™", cortical
the microtubules from the left SPB reach the mother-bud and ~ Pushing force from mother-bud is still capable of sending
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FIG. 4. Stochastic dynein binding to microtubule confirms significant cortical pull from the hyphal tube. The requirement of cortical pulling
from the hyphal tube for successful nuclear migration is reinvestigated by substituting constant dynein density with stochastic dynein density
in the cortex. [(a)—(c)] Temporal change of cortical dynein density is shown when dynein attachment to microtubule is stochastic (brown line)
instead of deterministic (blue dashed line). The average of stochastic dynein density is indicated with a black dotted line. K,, is the rate at
which dynein binds microtubule. [(d)—(g)] Parameters that control stochastic dynein density (N;, Ko, k0, F;) are sequentially varied, and
nuclear migration time is measured. Increase of K, N;, and F; and decrease of ko lead to early migration. The data presented here [(d)—(g)]
validate it. For lower values of K,,, N;, and F}, cortical pulling from the hyphal tube becomes smaller and nuclear migration is inefficient.
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FIG. 5. Absence of cortical pulling from mother-bud strongly favors nuclear migration. (a) Similarly to Fig. 3(f), however, cortical pulling
from the mother-bud is absent. The comparative study indicates that cortical pulling from mother-bud strongly opposes nuclear migration.
[(b)—(e)] Revisiting Fig. 4(d) to Fig. 4(g) in the absence of cortical pulling from mother-bud. Migration time is highly reduced if cortical
pulling from mother-bud is off. (f) The position of the septin ring is varied in the hyphal tube to study nuclear migration time. Except for
cortical pulling from mother-bud, all the forces from both buds apply on the nucleus. It is clear that for any position of the septin ring, finite
migration time is achieved and the spindle axis aligns with the cell axis.
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the nucleus to the septin ring. Alternatively, if the single
dynein force at the daughter cortex increased beyond 1 pN,
then cortical pulling from the hyphae can lead to significantly
reduced nuclear migration time. Therefore, cortical pushing
from mother-bud and cortical pulling from the hyphal tube
together can drive the nucleus to the hyphal tube. Although
finite nuclear migration time is achieved by combining the
forces shown in Fig. 3(d) and Fig. 3(e), Ké‘gripen and single
dynein force are larger than their respective standard values
(see Table I).

Our goal is to explore the potential mechanism that func-
tions with the standard model parameters and gives finite
migration time. Therefore we review the mechanism through
which a polymerizing microtubule interacts with the hyphal
cortex. Previously, a polymerizing microtubule would ei-
ther buckle at the hyphal membrane or depolymerizes with
equal probabilities. Nevertheless, polymerizing microtubules
largely slide along the hyphal membrane due to relatively
narrow cylindrical geometry where microtubules often hit the
cortex at a grazing angle [96-98]. In our further study in
Fig. 3(f), we consider the sliding probability (P3id) in addi-
tion to the buckling (P5% ) and depolymerizing probabilities

(P&?Olymerize). Note that the sum of these three probabilities is

unity (Plide 4 pbuckle 4 pdepolymerize _ 1 and during variation
of the sliding probability, the two other two probabilities are
kept equal [Ppuckle — pderolymerize _ () 51 _ pslidey] From the
data shown in Fig. 3(f), it is clear that if the microtubule-
sliding probability is large at the hyphal cortex (> 60%), finite
nuclear migration time can be achieved for the standard values
of all the simulation parameters. On a sliding microtubule in
the hyphal cortex, several dyneins can be attached and they
generate a strong cortical pull which helps the nucleus to
migrate to the septin ring for the low values of Ké‘g’r_pen and
single dynein force. Sliding microtubule-based large cortical
pulling from the daughter-bud is experimentally identified for
successful nuclear migration in S. cerevisiae yeast [50,51].
Also, the average angle of incidence of microtubule mea-
sured in our simulation is small for the hyphal cortex and
large (~90°) for the mother cortex [inset; Fig. 3(f)]. Thus
microtubules slide more frequently in the hyphal cortex than
buckling or depolymerizing.

C. Stochastic dynein attachment to microtubule validates the
positive contribution of cortical pulling from hyphae for nuclear
migration

Results shown in Fig. 3 suggest that strong cortical pull
on the nucleus from the hyphal tube is necessary for finite
migration time. The origin of this force is due to cortical
dynein which is, so far, assumed to maintain a constant
average density (6 um™'). In other words, if the cortical
segment of a microtubule is 1 pum, then six cortical dyneins
would always attach to the microtubule tip. A similar assump-
tion made in earlier studies successfully captured relevant
cellular processes [8,54,55,70]. However motor attachment
to microtubule is not deterministic; rather, it is stochastic
and depends on four conditions: (i) maximum permissible
number of dyneins that can bind the cortical segment of
the microtubule (N;), (ii) dynein attachment rate to micro-

tubule (K,y,), (iii) dynein detachment rate from microtubule
(ku0), and (iv) dynein detachment force from microtubule
(Fy) [55,83,84]. The stochastic dynein interaction with micro-
tubules is described earlier under Sec. II. Here we explore how
the above-mentioned parameters impact the outcome obtained
with fixed dynein density [Fig. 3(f)]. We simulate the sys-
tem with standard parameter values and microtubules sliding
along the hyphal cortex with 80% probability [Figs. 4(a)—
4(g)]. The four dynein parameters are varied systematically
[Figs. 4(d)—4(g)], i.e., when one parameter is varied, the other
three parameters are kept at standard values (see Table I).
To elucidate the difference between constant dynein density
and stochastic dynein density, we first show the fluctuation
of the cortical dynein density with time [Figs. 4(a)—4(e)].
The dotted lines (black) indicate constant dynein density
(6 um™"), whereas the dashed lines (blue) show the aver-
age of the stochastic dynein density. Notice that the average
value increases with the increase of dynein attachment rate
to the microtubule (K,,). Consequently, we see that the nu-
clear migration time becomes finite and then decreases with
the increase of Ny, Koy, and Fy [Figs. 4(d)—4(g)]. Increase
of N;, Kon, and F; corresponds to a robust interaction of
dyneins with microtubules. This effectively indicates a strong
cortical pull from the hyphal cortex on the nucleus leading
to a finite migration time. For smaller values of N; (<= 6

um™1), K,y (<= 0.1 s7), and F; (<= 0.2 pN), migration
~sweep(M)

. #push(M)  Fpush(M)  Fpush(M)
promoting forces (feor-pen > fmem-hit > Shuckling * Jokm > and
fg);il(m) are dominated by the migration suppressing forces

(M) sh(H) sh(H) sh(H)
( ﬁ)yun , f}g‘;?pen > fg;:n_hi[ , and _g)uu:khng). and thus the nucl'eus
mostly remain within the mother-bud. Figure 4(f) emphasizes
the monotonous increase of the migration time with the in-
crease of dynein detachment rate k,o implying weaker cortical

pulling on the nucleus from the hyphal tube.

D. Cortical pulling from mother-bud might be suppressed
during nuclear movement toward the hyphal tube

As mentioned in the previous section, forces produced
within the mother- and daughter-buds can promote or suppress
nuclear migration. Naturally, if the migration suppressing
forces are removed, then successful nuclear migration would
be prevalent and migration time would be less. Interestingly,
for S. cerevisiae yeast, several articles suggested that the
functions of mother cortical dyneins generating pulling forces
on the microtubule tips ( f_(})yull'(M)) remain off until the nucleus
reaches the septin ring [67,68,99—101]. In our simulation, we
apply this mechanism and show the results in Fig. 5. Compar-
ing Fig. 5(a) and Fig. 3(f), we find that the absence of cortical
pulling from the mother-bud sharply decreases migration
time. Similarly to Figs. 4(d)-4(g), we establish the decreas-
ing migration time by substituting constant dynein density
with stochastic dynein density in the cortex [Figs. 5(b)-5(e)].
Comparing Figs. 5(b)-5(e) with the corresponding Figs. 4(d)—
4(g), we further see that migration time is lower when cortical
pulling from the mother-bud is absent. From these results, we
suggest that possibly for hyphae the cortical pulling from the
mother-bud remains suppressed until the nuclear migration is
completed. After completing the migration and prior to the
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anaphase the metaphase spindle axis must become parallel
with the mother-bud axis [8,8,13,54,55,60-62]. In Fig. 5(f),
we vary the position of the septin ring in the hyphal tube
and measure the nuclear migration time and the spindle ori-
entation. We observe that finite migration time and parallel
(almost) spindle orientation for all positions of the septin ring
in the hyphal tube.

IV. DISCUSSION

The purpose of mitosis is to faithfully segregate the sis-
ter chromatids between the mother and daughter cells that
are genetically identical [6,56,67,91]. Mitosis consists of
several phases and each of these phases must complete
within a definite time frame [8,102]. Earlier we identified
mechanistic pathways and kinetics of various self-assembled
chromosome-segregating machineries essential for premitotic
(interphase) and mitotic phases in budding yeasts [54,55]. In
the present study, we consider the yeast hyphae morphol-
ogy (e.g., in S. cerevisiae and C. albicans) to discern the
mechanistic pathways functioning for the proper nuclear mi-
gration which is essential for mitosis. The destination of the
nucleus is the septin ring that can localize anywhere inside
the hyphal tube and since the hyphal tube can be greatly
extended, the journey of the nucleus from the mother-bud is
long [3,25,26,29]. We quantify the mechanical forces arising
from the interactions of dynamic microtubules with various
intracellular objects that could be responsible for nuclear
movement. These forces (viz., cortical pushing, pulling and
sweeping) are transmitted to the nucleus through the astral
microtubules [54,55,70]. Among these forces, we found that
some promote migration [Fig. 2(a) and Fig. 3(b)] while the
others suppress [Fig. 2(c) and Fig. 3(a)]. When the migration-
promoting forces are increased or suppressing forces are
decreased, migration time is shorter. Since migration positions
the nucleus at the site of division, it must conclude in a
timely manner to facilitate proper mitosis. Delayed mitosis is
error prone and leads to improper segregation of the chromo-
somes and cell death [29,102]. Our data show that irrespective
of the hyphal length and the septin position in the hyphal
tube, the nuclear migration is completed within a reasonable
time [34] when dynein pulling from the mother-bud is in-
significant [Fig. 5(f)]. These results indicate the robustness
of the mechanistic pathway as established by our in silico
model.

A key difference between nuclear migration in yeast and
hyphae is that in the first a shorter path is traversed by
the nucleus, while in the latter the path is much longer
through the hyphal tube [3,5]. The nuclear movement in yeast

remains restricted to the mother-bud as the septin ring is
located at the junction between mother- and daughter-buds,
whereas in hyphae, the nucleus travels through the germ
tube (daughter-bud) [3,5]. During yeast mitosis through the
budding process, spatiotemporal characteristics of mechani-
cal interactions among various molecular players are likely
to differ between mother- and daughter-buds [8,54,68,101].
For hyphae, the pattern of the interactions is unclear. The
analysis from this study suggests a significant contribution of
the cortical forces on migration. More specifically, a strong
pulling force from the hyphal cortex must act on the nucleus.
This is achieved by the astral microtubules from one of the
SPBs sliding frequently along the hyphal cortex and engaging
with the cortical dyneins. Irrespective of a fixed density or a
stochastic variation, the interaction of dyneins with the corti-
cal part of the microtubule generates a pull adequate for timely
nuclear migration. In addition, our data show the alignment of
the mitotic spindle with the cell axis, indicating the cortical
pathway’s robustness for successful mitosis.

A natural extension of the present model framework would
be to investigate other possible scenarios for nuclear migration
that explicitly focus on “microtubule gliding,” “dynein ‘pull’
on nucleus,” and “transport of nucleus as cargo.” Recent
studies suggest that dynein might act like a catch-bond while
pulling on the microtubules [103,104]. A catch-bond would
allow dyneins to work at larger stall forces. Therefore, it
would be worth exploring the nuclear migration dynamics
considering stochastic dyneins in the light of catch-bond ki-
netics. Besides the timely migration of the nucleus to the
site of division, another crucial factor determining mito-
sis’s fidelity is the correct attachment of the chromosomes
to the spindle. An interesting future goal would be to ex-
amine the chromosome-spindle attachment where monotelic,
syntelic, and merotelic attachments between the kMTs and
kinetochores can arise and propose a suitable “correction
mechanism”. Also the role of Spitzenkorper to nucleate astral
microtubules or to guide them toward the septin ring could
be checked. Suitable experiments could be designed to test
the outcome of our simulation predictions which indicate fre-
quent microtubule sliding in the hyphal cortex and suppressed
dynein activities in the mother cortex for facilitating nuclear
migration.
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