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Abstract
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A microtubule (MT) is a long stiff tube-shaped filament formed by a hierarchical organization
of a large number of tubulin protein molecules. These filaments constitute a major structural
component of the scaffold of a multi-component macromolecular machine called mitotic
spindle. The plus ends of the MTs are tethered to some specific binding partners by molecular
tethers while those of some others are crosslinked by crosslinking molecules. Because of the
non-covalent binding involved in the tethering and crosslinking, the attachments formed are
intrinsically ‘soft’. These attachments are transient because these can get ruptured
spontaneously by thermal fluctuations. By implementing in silico the standard protocols of in
vitro molecular force spectroscopy, we compute the lifetimes of simple theoretical models of
these attachments. The mean lifetime is essentially a mean first-passage time. The stability of
cross-linked antiparallel MTs is shown to decrease monotonically with increasing tension, a
characteristic of all ‘slip-bonds’. This is in sharp contrast to the nonmonotonic variation of the
mean lifetime with tension, a mechanical fingerprint of ‘catch-bonds’, displayed by the MTs
tethered to two distinct binding partners. We mention plausible functional implications of

these observations in the context of mechanical proofreading.

Keywords: first-passage time, microtubule, kinetochore, catch bond, molecular force

spectroscopy, force clamp
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1. Introduction

Soft matter [1] are characterized by some noncovalent weak
bonds; the corresponding bond energy is comparable to the
typical thermal energy kg7 at room temperature where kg
denotes the Boltzmann constant. For example, the strength of
a hydrogen bond is typically few tens of kg7 [2]. Therefore,
spontaneous thermal fluctuations are sufficient for rupture of
weak bonds. Atroom temperature 7 ~ 300 K, kg 7'~ 4 pN nm.
Therefore, a force f that can perform work of the order of ther-
mal energy causing a displacement of the order of 1 nm, is
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f~ 4 pN. Thus, externally applied tensions as weak as a few
pN can rupture noncovalent bonds in soft matter. The weak
bonds that shape the tertiary structure of a macromolecule can
get easily ruptured by such small forces resulting in a change
of its conformation. Similarly, breaking of weak bonds that
hold two distinct macromolecules together can detach the two
molecules from each other.

Many important structural joints formed by non-covalent
bonding of the components of molecular machines in liv-
ing cells perform key roles also in the biological function
of those machines. In the last few years we have devel-
oped theoretical models for a few such specific joints in a
molecular machine and studied the rupture of those joints by
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mechanical forces [3—6]. In this paper we study a different
molecular joint, in the same machine, whose force-induced
rupture has not been modelled theoretically till now. However,
in the spirit of this special issue of the journal, we present
the model and results for this particular molecular joint from
a broader perspective. We compare and contrast the main
features of the new results with those reported in our ear-
lier works [3-6] for some other molecular joints of the same
multi-component molecular machine.

Numerous phenomena that are crucial for the survival of
a living cell rely on the coupling between mechanical and
chemical processes. On the one hand, the cell and its subcel-
lular structures are often subjected to compressive and tensile
forces, shear stress as well as hydrostatic pressure. Most often
the mechanical stress is converted to a chemical signal which
elicits response by activating the downstream processes. The
reverse process, namely conversion of chemical energy into
mechanical work is carried out by wide varieties of molecular
motors [7, 8]. Here we study the mechano-chemistry of some
key molecular joints [6, 9] in a multi-component molecular
machine, called mitotic spindle [10, 11], that carries out mito-
sis, i.e., the segregation of replicated chromosomes before a
cell divides into two daughter cells [12—14].

A mitotic spindle is a network of filamentous proteins,
molecular motors and many other specialized non-motor pro-
teins [15]. In the macroscopic world, we are familiar with
scaffolds and networks made from solid beams, rods and
struts. These elastic components of the network deform elas-
tically when subjected to mechanical load. Many large-scale,
complex networks are formed by connecting these elements
by bolts and joints. At first sight, networks formed by pro-
teinous filaments in a mitotic spindle may appear similar to
macroscopic network of beams, struts and cables joined by
nuts and bolts. But, this superficial similarity is quite decep-
tive. Not only the components of this network have a high
rate of turnover, the scaffold self-organizes, its shape fluc-
tuates strongly even in the steady state, and it can dynam-
ically remodel its own architecture and, after completing
chromosome segregation, is disappears completely. In this
paper we highlight some of the important consequences of
this extremely dynamic and transient nature of the microscopic
natural scaffolding of a mitotic spindle.

One of the major species of filaments in the structural scaf-
fold of a spindle is microtubule (MT) [16]. During the process
of assembling a mitotic spindle, molecular joints are formed
by the establishment of non-covalent bonds between MTs and
their specific binding partners [18]. After serving its biologi-
cal function as the segregator of the replicated chromosomes,
a mitotic spindle disassembles. Therefore, most of the molec-
ular joints linking MT with its binding partners in a mitotic
spindle are deliberately designed to be transient. Even if not
subjected to any externally applied tension such a bond sur-
vives only for a finite lifetime beyond which it gets ruptured
spontaneously. The lifetime of such transient joints is the main
quantity of interest in this paper.

Exploiting the unusual kinetics of their polymerization and
depolymerization [17], the MTs themselves generate pushing

and pulling forces. Moreover, the molecular motors in the spin-
dle are also active force generators. Therefore, the transient
joints formed by MTs with their binding partners must have
the strength and stability to withstand the pushing and pulling
forces till their biological functions are completed. Neverthe-
less, during the lifetime of the spindle, parts of a molecular
joint can not only break but detached partners can again re-
attach. Thus, mechanical response of the joints in a spindle
is dominated by inelastic mechanics [19] of fracture and rup-
ture. It is this rupture kinetics that is the main theme of this
work.

Molecular force spectroscopy (MFS) [20—24] probes vari-
ous aspects of the rupture of ligand—receptor bonds. Almost a
decade ago the experimental tools of MFS were first adapted
for in vitro studies of molecular joints where MTs and their
specific binding partners are held together by non-covalent
bonds in a mitotic spindle. In the last few years we have devel-
oped stochastic kinetic models for studying the stability and
strength of some of those molecular joints [3—6]. The protocols
used in our computer simulations of those models are essen-
tially in silico analogs of the common protocols of MFS for in
vitro experiments on ligand—receptor bonds.

For the convenience of the readers, in section 2, we define
the term ‘soft mechano-chemistry” and explain the protocols
of MFS that are normally followed in soft-mechanochemistry.
Next, in section 3, we present a brief critical summary of our
earlier works [3—6] on some of the molecular joints in a mitotic
spindle, and propose new analysis of the corresponding results
in terms of relevant time scales and length scales. Then, in
section 4, we develop a new model for an important molec-
ular hub formed by MTs in a spindle that, to our knowledge,
has not been investigated in the past from the perspective of
MFS. We report the results obtained by in silico MFS of this
new model. We highlight the main features of the new results
by comparing and contrasting with those of the corresponding
results [3—6] for the other joints formed by MTs in a mitotic
spindle. In section 5 we compare the trend of variation of the
mean lifetime of the crosslinked antiparallel MTs with those
of other molecular hubs in the spindle formed by tethering of
MTs to their specific binding partners. We also compare these
molecular hubs with other MT attachments in living cells to
link our work with an even broader varieties of phenomena.
Finally, in section 6 we conclude with a brief summary of the
present status and plausible future direction of progress in soft
mechano-chemistry of joints formed by MTs.

2. MFS in soft-mechanochemistry: a brief
introduction

2.1. What is soft mechano-chemistry

Different areas of chemistry were classified by Nernst accord-
ing to the type of input energy that induce the chem-
ical changes; the familiar classes include, for example,
electro-chemistry, photo-chemistry, thermo-chemistry, which
are induced by electrical, optical, and thermal means, respec-
tively [25]. Using the same terminology, mechano-chemistry
is defined as the process of chemical activation by mechanical
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force (or, more generally, mechanical stress). One unique fea-
ture of mechano-chemistry is that, utilizing the vector nature
of force, the chemical kinetics can be altered drastically by
merely changing the direction of the force without chang-
ing its magnitude. Making fire by rubbing pieces of wood
against each other, which exploits mechanical stress for acti-
vating a chemical reaction, is one of the earliest experiences of
mankind in mechano-chemistry. The earliest record of system-
atic study of mechano-chemistry can be traced back to those
of Theophrastus of Eresus, a student of Aristotle, in the fourth
century B.C. [26-28]. But, strangely, mechano-chemistry is
not as widely known as, say, electro-chemistry.

In agreement with the IUPAC definition, throughout this
paper, we use the term mechano-chemistry in its broadest
sense, namely, the branch of chemistry where chemical reac-
tions are induced by mechanical forces. We do not main-
tain any semantic distinction between mechano-chemistry and
mechano-physics or that between mechano-chemistry and
mechanical activation [29].

Most of the works on mechano-chemical phenomena till
mid-twentieth century were restricted to covalent mechano-
chemistry, where mechanical forces (usually in the range of
nano-Newton) induce changes in a covalent bond (even its
mechanical scission), and hence the name [30]. In contrast,
rupture of mechanically resistant non-covalent bonds (e.g.
hydrogen bonds), induced by weak forces (of the order of pico-
Newton), can result in a conformational change of a macro-
molecule or detachment of two different macromolecules from
each other. In this paper, we are exclusively interested in such
non-covalent mechano-chemistry [31], also referred to as soft
mechano-chemistry [32].

2.2. Protocols of MFS in vitro: slip- and catch bonds

In the ‘force clamp’ protocol of MFS a time-independent
(‘clamped’) external tension F is applied on a pre-formed
attachment. The time interval between the application of the
external tension and the subsequent complete rupture of the
attachment for the first time is defined as its lifetime 7(F) cor-
responding to the applied tension F. Similarly, in the ‘force-
ramp’ protocol [17] the magnitude of the time-dependent
external tension is gradually increased (‘ramped up’) follow-
ing a well-defined prescription till the attachment ruptures
completely. The value of the tension at which complete rupture
of the attachment takes place for the first time is identified as
the rupture force. The meaning of complete rupture is defined
operationally for each system so that no ambiguity arises while
interpreting the data. Because of the stochasticity of the rupture
process, both the lifetime and rupture force fluctuate randomly
from one sample to another of the same joint. From the proba-
bility distributions of the lifetimes, we compute the mean life
time which is the main quantity of our interest in this paper.
For slip bonds, which are more common, the mean life-
time is a monotonically decreasing function of the externally
applied tension. The distinct mechanical signature of a catch
bond [33-37] is the non-monotonic variation of mean life
time with the tension; at sufficiently weak tension the mean
lifetime increases with increasing tension up to a maximum

beyond which, like slip bonds, the lifetime decreases with fur-
ther strengthening of the tension. The initial increase of life-
time with the magnitude of the clamped tension may appear
counterintuitive because it implied stabilizing the joint, instead
of the expected destabilization, with increasing magnitude of
the tension. Since force-clamp provides the most direct evi-
dence for catch bond, in this paper we present results obtained
only under force-clamp conditions.

3. MFS of spindle HUBS: tethered microtubules

Each MT has a tubular structure. Each of these cylindrical
tubes consists of 13 parallel protofilaments; each protofila-
ment, in turn, is a linear sequence of tubulin dimers (« and 3
tubulin) of length 8 nm. In this section we review the results of
both in vitro and in silico molecular force spectroscopic stud-
ies of the key molecular joints formed by MTs in a mitotic
spindle.

3.1. MFS of microtubule—kinetochore attachment

Kinetochote (kt) is a macromolecular complex [38] located
on the surface of the sister chromatids that result from DNA
replication. In a correctly assembled mitotic spindle each kt
remains attached to N MTs approaching it from each spin-
dle pole; the numerical value of N of varies from one species
of organism to another [15, 39]. In this subsection we review
the quantitative results obtained so far from molecular force
spectroscopic studies of kt—MT attachments in vitro and the
corresponding theoretical models in silico.

3.1.1. Spindle of budding yeast: single MT per kinetochore.
In budding yeast each kt can attach with only a single MT [40].
Using reconstituted kt—MT attachments of the budding yeast
in vitro, nonmonotonic variation of the average lifetime with
applied tension was observed in force-clamp experiments [41,
42]. Thus, over a range of small values of tension, the kt—-MT
attachment is further stabilized, rather than destabilized, by
increase of the strength of the tension. This apparently counter-
intuitive trend of variation of the mean lifetime with external
tension is very similar to that of ligand—receptor ‘catch-bonds’
[41]. Motivated by those experimental studies, Sharma et al [3]
developed a minimal model (from now referred to as the SSC
model) to provide an understanding of the physical origin of
the catch-bond-like behaviour of the kt-MT attachments. After
summarizing the main results and physical interpretations of
reference [3], we analyze the same results here from a differ-
ent perspective in terms of fundamental time scales and length
scales in the problem.

The SSC model [3] implicitly assumes an effective ‘sleeve-
like’ kt—MT coupler. The MT can be inserted into the sleeve
coaxially because the outer diameter of the MT is slightly
smaller than the inner diameter of the sleeve. The sleeve is ori-
ented perpendicular to the kinetochore plate; the sleeve is con-
nected to the kinetochore plate by rigid rod-like attachments
(see figure 1(a)). The choice of this coupler is inspired by
the ‘sleeve model’ of the kt—MT coupler postulated originally
by Hill [43-46]. Subsequent discovery of the Dam1 ring [47]
and the rod-like protein Ndc80 [48—50] provide justification of
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Figure 1. A cartoon of the mitotic spindle indicating the location of key molecular hubs where microtubules form transient molecular joints.
(a) Kinetochore microtubules interact with kinetochores; the kinetochore—microtubule attachment is necessary for chromosome segregation.
(b) Astral microtubules interact with cell cortex through dynein motors whose tail remains anchored on the cortex. (c) Interpolar
microtubules nucleate from two opposite poles and their antiparallel plus ends are crosslinked by active molecules (molecular motors) as
well as passive crossbridging molecules. (d) The minus ends of the microtubules remain anchored on the spindle pole bodies (centrosomes)

throughout mitosis. Reproduced with permission from [6].

the sleeve-like coupler. Although the Hill model was extended
later by incorporating further details [45, 46, 51] none of those
detailed features were captured in the SSC model. Therefore,
the simplest version of the SSC model described below may
be regarded as a minimal model of the kt—MT attachment.

In the SSC model the overlap between the outer surface of
the MT and the inner surface of the sleeve is denoted by a
time-dependent continuous variable y(¢) (0 < y(f) < L) where
L is the total length of the sleeve. This model is based on the
following two postulates [3]:

Postulate (I) The kt—MT interaction potential V,,(y) = —By,
where B is the constant of proportionality, is
quantification of the assumption that energy
decreases linearly the increase of the overlap y;
this potential is a special limit of the potential
assumed in Hill’s sleeve model [43].

Postulate (I) The depolymerization rate S(F) of the MT
decreases exponentially with increasing exter-
nal tension F as given by

B(F) = Boexp(—F/F.), ey

where [ is the tension-free rate of depolymerization and the
parameter F, characterizes the sharpness of the decrease of
B(F) with increasing F. In vitro experiment [52] has demon-
strated decrease of S(F) with increasing F. The time taken by
the overlap y(¢) to vanish for the first time was defined as the
life time of the attachment. Since the rupture of the kt—-MT
attachment is a stochastic process, the lifetime has a statisti-
cal distribution even if the initial overlap Ly (0 < Lo < L)isa

constant; the mean of this distribution can be compared with
the corresponding mean lifetime 7 obtained from experiments.

The stochastic kinetics of the kt—MT attachment in the SSC
model can be mapped onto that of a hypothetical overdamped
Brownian particle whose position in a one-dimensional space
is given by the overlap variable y(f) and it experiences an
external potential V(y) = —By + Fy. Since we are interested
in the arrival of the particle at y = 0 only for the first time, an
absorbing boundary condition is imposed at y = 0 for the cal-
culation of the life times. The reflecting boundary condition
at y = L captures the physical fact that the MT does not pen-
etrate the kinetochore plate. Accordingly, the kinetics of this
hypothetical Brownian particle can be formulated in terms of a
Fokker—Planck (FP) equation [53, 54] with a reflecting bound-
ary at y = L, an absorbing boundary at y = 0 and one of the
initial conditions mentioned above.

In reference [3] the mean lifetime 7 corresponding to the
initial condition y(z = 0) = L was found to be

[e“(FWD - 1} _ L ?)

"7 v o(F)

where D is the diffusion constant and the force-dependent drift
velocity v(F) of the hypothetical Brownian particle, given by
B—-F B—-F
V(F) = —5— + (@ = BINL = —5— + (o = o /7)1,
3)
involves a phenomenological coefficient I', that characterizes
the viscous drag on it, and ¢ denotes the increase of the length
of the MT upon addition of a single subunit.
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The external tension F has two opposite effects on the MT.
It pulls the MT out of the coupler thereby tending to decrease
the overlap y(7). Simultaneously, it suppressed MT depoly-
merization without affecting its polymerization. rate Conse-
quently, if the rate 5(F) of depolymerization falls below that
of polymerization the tip of the MT exhibits a net growth which
tends to increase the overlap y(#). A catch-bond-like behavior
would be exhibited if such an increase of y(f) resulting from
the polymerization-depolymerization kinetics of the MT can
more than compensate the decrease of y(¢) caused by its bodily
displacement in response to the pull. In contrast, if the tension-
induced suppression of the depolymerization is so weak that
the bodily movement of the MT out of the sleeve cannot be
compensated by the growth of its tip into the sleeve, the kt—-MT
attachment would exhibit a slip-bond-like behavior.

Calculation of the mean lifetime of the model kt—-MT
attachment needs a well defined initial value of y(t = 0)
(denoted, for convenience, by Lj). In reference [3] Ly was
assumed to be equal to L for all samples over which the data
obtained for the lifetime of the attachment were averaged. It is
worth checking how the mean lifetime varies with the magni-
tude of Ly [4]. Since it has not possible to measure L, for any
kt—MT attachment used for MFS studies in vitro, an alterna-
tive, and more realistic, choice of the initial condition would be
to select Ly randomly, with uniform probability over the range
0 < y(t = 0) < L; in this case computation of the mean life-
time required further averaging over the distribution of initial
conditions [4].

The mean lifetime of the model kt—MT attachment corre-
sponding to the fixed initial condition Ly = L [3] as well as
those corresponding to the uniformly distributed random initial
condition Ly (0 < Lo < L) [4] exhibit catch-bond-like behav-
ior provided F, is sufficiently small, i.e., if the depolymeriza-
tion rate 5(F) decreases sufficiently sharply with increasing
F. However, beyond a range of F, the sharpness of the fall
of B(F) with F is not adequate to result in a catch-bond and,
consequently, a slip-bond-like behavior would be observed
(see figure 3 of [3]). Suppose, the peak in the 7 versus F plot
appears at Fyeq. The mean lifetime 7 for a fixed F (F > Fpear)
increases exponentially with Ly provided Ly is not too small
(see figure 3 of [4]).

3.1.2. A new analysis in terms of time- and length-scales. We
now present a new analysis of the expression (2) in terms of the
two fundamental time scales in the problem. If the Brownian
particle had to traverse a distance of L purely diffusively, on
the average, it would take a time

e
2D’
On the other hand, if the same distance had to be covered
ballistically with the velocity v, the time needed would be

“4)

™D

L
™= - (%)
v
The expression (2), recast as
1 2
= S B e2m/m ] — (©)

2 ™D

shows transparently the interplay of diffusive time 7p and bal-
listic time 7g. In the limit 7p < 7, T =~ Tp, i.€., the kKt—-MT
joint can get ruptured by pure diffusion.

Next, in order to interpret the observed L-dependence of
7, we introduce the fundamental length scale A = 2(D/v). In
terms of A, the mean lifetime in diffusive limit can also be
expressed as

L2
In the opposite limit, from (2), we get
1A
T:E—eL/A for L > A. )
v

3.1.3. Spindle of mammalian cells: multiple MTs per kineto-
chore. The SSC model was generalized and re-interpreted
appropriately [4] to capture the key features of the energet-
ics and kinetics for kt—MT attachments in higher eukaryotic
organisms for which N > 1. In order to avoid any confusion,
this attachment will be referred to as kt—NMT attachment. By
construction, initially all the N MTs are attached to a single
kt. But, at any subsequent time before complete rupture, the
actual number of MTs still attached to the same kt is n(f) < N,
complete rupture of the attachment corresponds to n = 0. The
time ¢ at which n(7) vanishes for the first time is defined as the
lifetime of the attachment.

Two features of this system, which were absent in the case
of budding yeast (i.e., N = 1) are the following:

(a) When a MT detaches from the kt, its load is instanta-
neously redistributed among the n(f) MTs that are still
attached to the kt at that instant of time thereby affect-
ing the likelihood of detachment of the surviving MTs
and, in turn, the overall stability of the attachment;
and

(b) A detached MT can re-attach, as long as n(f) > 1, thereby
prolonging the overall life of the kt—-NMT attachment.

The mean life time data, reported originally in reference [4],
are replotted against the clamp force in figure 2(a) for a fixed
value of N (N = 40). Interestingly, the catch-bond-like behav-
ior is displayed irrespective of whether rebinding of the MTs
is allowed or not. Nevertheless, as expected, for any given ten-
sion F, the mean life time 7 is higher if rebinding is allowed as
compared to that in the absence of rebinding. The physical ori-
gin of the catch-bond-like behavior for all N > 1 is, however,
identical to that in the special case N = 1.

The mean lifetime is increases sub-linearly with the num-
ber of microtubule (N), as shown in figure 2(b). The life-
time of the attachment is an emergent property of the
system consisting of a single kt interacting with a bun-
dle of N parallel MTs. It is worth emphasizing that the
parallel MTs do not interact laterally with one another;
the indirect interaction between the MTs arises from the
load sharing. The N-dependence of 7 can, in principle, be
tested in near future with the mammalian kt reconstituted
in vitro [55, 56].
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Figure 2. The mean lifetime 7 of a kt—NMT coupler, reported
originally in reference [4], is replotted against (a) F for N = 40
and (b) N for F = 10 pN, both with (blue circle) and without (red
triangle) rebinding. The error bars for the simulation data are also
shown explicitly in (a). For the numerical values of the remaining
parameters used for this plot, see reference [4]. The best fit to our
simulation data, given by 7 oc N33, is represented by the black
continuous line in (b). Reprinted figure with permission from [4],
©2018 the American Physical Society.

3.2. MFS of a microtubule—cortex attachment

The interactions of astral MTs with the cell cortex are major
determinants of the position and orientation of the spindle
[57]. In reference [5], we have developed a minimal theoreti-
cal model of a single MT tethered to the cell cortex by dynein
motors. The tails of the dyneins are assumed to be permanently
anchored on the cell cortex while their heads tend to walk along
the minus ends of the MT. In contrast to the passive linkers that
couple the kt with the MT, the dynein motors are active protein;
they use a chemical fuel (ATP) for their mechanical function.
The unbinding of the heads of these cyclic motors from the MT
during each of their respective cycles can hasten the rupture of
the attachment unless its rebinding or fresh binding of other
motors occur sufficiently rapidly.

We have computed the lifetime of this model attachment
by implementing the same protocols of MFS in silico that we
used earlier for the kt—MT attachment [5]. The mean lifetime
of the model ct—MT attachment is plotted in figure 3 for three
different values of the characteristic force F,. For F, = 0.1
pN, the mean lifetimes (plotted with red circles) exhibit catch-
bond-like non-monotonic variation with the external tension
F. With the increase of F, (see the data for F,, = 0.3,0.5 pN
in figure 3), the nature of the ct—MT attachment crosses over
to a typical slip bond.

4. MFS of spindle HUBS: crosslinked antiparallel
MTs

In the metaphase spindle the interpolar MTs, originating
from two opposite poles of the spindle, get crosslinked in

® F=01pN a F=03pN = F,=0.5pN
90

0.6
1\ .\

D 0.1 o

=03 0.003 0.03 0.5

k (pN/nm)

F(pN)

Figure 3. Mean lifetime 7 of the MT—ct attachment is plotted
against the applied external tension F for three different values of
F.,namely F, = 0.1,0.3,0.5 pN, at fixed Ny = 10, where Ny is the
maximum number of dynein motors that can simultaneously tether
the MT to the cortex. The solid black line is the best fit to the data
for F, = 0.1 pN, log—log plot of the mean lifetime 7 as a function
of spring stiffness k, for fixed F = 0.1 pN, is shown in the inset. See
reference [5] for the numerical values of all the other parameters
used in the simulation. Reprinted figure with permission from [5],
©2018 the American Physical Society.

the equatorial plane by crosslinking molecules [12]. Active
crosslinkers generate pushing or pulling forces by hydrolyz-
ing ATP and exert those forces on the antiparallel MTs [58].
The common active cross-linkers are cytoskeletal motors, like
kinesin-5. Kuan and Betterton [59] investigated the accumu-
lation of the motors on crosslinked antiparallel MTs by devel-
oping a model that is an appropriate extension of the totally
asymmetric simple exclusion process [60]. The in vitro exper-
iment performed by Shimamoto ef al [61] and their numerical
simulation of a model developed to capture the key features of
this experiment is closest to our theoretical work reported here.
We have studied the strength and stability of a pair of antiparal-
lel interpolar MTs in silico, crosslinked by active crosslinkers,
by applying external force on the attachment.

4.1. Model of two crosslinked antiparallel MTs

For simplicity, our theoretical model considers only two col-
inear MTs that are oriented antiparallel with respect to each
other (see figure 4(a)). The lower MT is immobilized on a fixed
horizontal plane; so, no bodily movement of this lower MT is
possible. We place the origin of the coordinate system on the
negative end of the lower MT (its left edge in figure 4(b)) which
is assumed to be rigidly attached to a vertical surface. We apply
an external force F on the minus end of the top MT. This set
up in our in silico experiment is very similar to that used by
Shimamoto et al [61] for their experiment in vitro.

We represent a MT by a one-dimensional discrete lattice
with lattice constant 8 nm. None of the sites on the top and bot-
tom MT can be occupied by more than one crosslinker. Each
active crosslinker (motor) has four heads, one pair of which
walks, in a hand-over-hand stepping pattern, along the top MT
while the other pair walks similarly along the bottom MT. For
simplicity, we replace each of this pairs of motor heads by
the corresponding mid-point and denote the position of the ith
midpoint by the symbols xiT’B where the superscripts T and B
refer to the top and bottom MT, respectively, with which the
ith midpoint is associated. From now onwards, for the econ-
omy of words, we refer to the midpoints themselves as motor
heads. We model the linkage between the two heads of each
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(a)

Figure 4. (a) A schematic depiction of the pair of antiparallel MTs
crosslinked non-covalently using active crosslinking molecules
(four-headed molecular motors) in a hypothetical in vitro
experiment. Bottom MT is immobilized on a glass plate and external
force F is applied on the top MT. Polymerization and
depolymerization are allowed only at the plus-end of each MT. The
active crosslinkers (orange) walk directionally only towards the
plus-ends of the MTs. (b) A description of our theoretical model for
the experimental set up depicted in (a). Origin coincides with the
minus-end of the bottom MT; xg and xt represent, respectively, the
distance of the plus-ends of the bottom and top MTs from the origin.
Of the four-heads of each active crosslinker the pair that walks along
the same MT is replaced by the corresponding mid-point. Horizontal
arrows on the heads indicate the allowed direction of hopping on the
lattice. Boltzmann distribution for the position of the single unbound
head of a crosslinker at room temperature is shown by the shaded
area around a site where it can attach (k = 1 pN nm™').

crosslinker by an elastic Hookean spring of stiffness k. In our
model each a midpoint, representing a pair of heads of an active
motor, is allowed to walk towards only the plus-end of the
respective MT track using ATP as fuel.

Let N denote the maximum total number of crosslinkers
that can simultaneously bind to at least one of two antiparallel
MTs whereas n(f) denotes the corresponding actual number at
any arbitrary instant of time ¢ (i.e., n(f) < N). For any given
crosslinker, none of whose two heads are bound to the MTs,
Kon denotes the rate of binding of one of its heads to either
of the two MTs. Therefore, at any arbitrary instant of time z,
the rate of the event of binding of the first head of any of such
unbound crosslinkers to either of the two MTs is [62]

kon(n) = (N = n(0) Kon. ©)
For a crosslinker that has only one of the two heads already
bound to one of the MTs the remaining unbound head can bind
to an empty site on the opposite MT with the binding rate Ky,
thereby crosslinking the two MTs.

The externally applied force F pulls the top MT away
from the origin thereby stretching the Hookean springs. So,
the restoring force acting on a crosslinking molecule (i.e., a
crosslinker whose two heads are bound to the two distinct
MTs) is

fi = k(] —xP). (10)

Therefore, even if the heads of a MT crosslinking two MTs
remain bound to two fixed sites on the two MTs and step
neither forward nor backward on the respective MTs, the
spring force acting on it can change, because of the change
of spring length, as the top MT moves in response to the exter-
nally applied force F on it. Moreover, whenever any head of
crosslinker bound to two MTs steps towards the plus-end or
minus-end, the spring gets stretched and the spring force acting
on it changes accordingly.

If only one of the two heads of an active crosslinker is bound
to a MT, then it can hop only towards the plus-end of the
MT with rate kyop(0). But, if its both heads are bound to the
two MTs crosslinking them then a head of the motor can hop
forward with the load-dependent rate

Knop(fi) = knop(0)e/i/ Fhop (11)

with characteristic force Fop Which can be expressed as kg 7/ ¢
where / is the length of a single subunit of MT.

Let ko (0) denote the rate of unbinding of a single head
of a crosslinker that is bound to a MT. According to the
Bell-Kramers theory [63, 64] he effective rate of unbinding
of any head of a crosslinker whose both heads are attached to
the two MTs is approximately

koit(f) = koe(0)elfil/Fa, (12)

The characteristic ‘detachment force’ Fy can be expressed as
Fyq = kT /x4 where x4 is the distance between the bound and
unbound states of a crosslinker head.

The plus end of the bottom (B) and top (T) MTs are placed
at distances xg(7) and x1(?), respectively, from the origin. The
rates of polymerization and de-polymerization of the plus-end
of a MT are given by « and (3, respectively. The equation of
motion of the top MT is given by

dxT()  F — fur
dd T

+(ﬂ—a)€+@

13)

where I in (13) is the effective viscous drag coefficient, 1(f)
is a Gaussian white noise and /, the length of each subunit of
MT is also the step size of crosslinkers. In (13) the total force
fior exerted on the top MT by all those crosslinking molecules
whose two heads are bound to two MTs is

m=Zﬁ

(14)

where f; is given by (10).

Note that vanishing of the overlap between the two MTs
does not necessarily imply rupture of the attachment because
even in that condition the two MTs may remain crosslinked by
stretched springs. Therefore, we define the instant of rupture
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Table 1. Numerical values of the parameters used in simulation.

Parameter Values
Rate of binding of active crosslinker to MT Ko, [68] 0.316s7!
Rate of unbinding of active crosslinker from MT ko(0) [66, 68, 92, 93] 1.56 57!
Rate of forward stepping of active crosslinker kpop(0) 100 s~!
Characteristic detachment force Fy 50 pN
Characteristic hopping force of active crosslinker Fyp 10 pN
Spacing between binding sites on MT ¢ 8nm
Rate of polymerization of MT « 0s™!
Rate of depolymerization of MT S 0s7!
Spring constant k 1 pNnm™!
Effective drag coefficient I' 60 pN's ym ™!

of the attachment as the time when for the first time none of
the crosslinkers has both heads attached to the two MTs and,
simultaneously, there is no overlap between top and bottom
MTs. This ‘first passage time’ is identified as the lifetime of
the attachment.

4.2. Simulation method and results

We have carried out Monte Carlo simulation of our model. The
lengths of both the top and bottom MTs have been chosen to
be 800 nm. The common parameter values used in the simula-
tion are listed in table 1. We have assumed truncated Gaussian
distribution for the spring of the single head bounded
crosslinkers. For a crosslinker whose one head is attached
to one of the MTs, the other (unbound) head can only crosslink
to opposite MT following the truncated Gaussian distribu-
tion (shaded area in figure 4(b)). A suitable location for bind-
ing of the free head of the crosslinkers is calculated by tak-
ing inverse transform sampling of the distribution for each
iteration.

In the initial configuration both of the MTs overlap each
other entirely. Moreover, initially both heads of each of the
crosslinkers were bound to the opposite sites located on the
two MTs. With this initial condition at time ¢ = 0, we applied
external force on the top MT. Then in each time step At
crosslinkers can bind/unbind and hop forward/backward on
the MTs according to the rates specified above. During the
same period Af, the MTs can also polymerize/depolymerize
or move bodily in the forward/backward direction depend-
ing upon the direction of the external force. The time evolu-
tion of this system is monitored until the attachment ruptures
(see the definition of rupture in the preceding subsection).
After averaging over sufficiently large number of samples,
we get the mean lifetime of the attachment.

In figure 5 we plot mean lifetime of the crosslinked antipar-
allel MT attachment as a function of the external force F.
In order to emphasize the role of the crosslinker motors
on the stability of the attachment, we have plotted 7 /7 ax
where Ty is the highest lifetime for a given value of N.
The mean lifetime decreases monotonically with increasing
magnitude of F' which is a signature of slip-bond like behav-
ior. The active crosslinkers slide the two mutually antiparal-
lel MTs away from each other thereby reducing the extent of
their overlap. Because of this tendency, the active crosslinkers

F (pN)

Figure 5. Mean lifetime of the anti-paralle]l MT attachment in the
presence of active crosslinkers is scaled to one by dividing
maximum lifetime i.e. the lifetime at F = 0 pN and plotting against
external load F, for N = 5 (red circle) with 7,x = 17.74 s, N = 10
(green square) with 7,x = 20.35, N = 15 (blue triangle) with
Tmax = 28.85 and N = 20 (pink star) with 70x = 42.29 s.

All the points are obtained from computer simulation and
corresponding parameters are given in table 1.

have a tendency to destabilize these cross-linked attachments
that manifests as a slip-bond.

5. Comparison of various attachments formed by
MT

The plus ends of the kinetochore MTs are tethered to the
kinetochores (see figure 1(a)) while that of the astral MTs
are fethered to the cell cortex by the respective molecular
tethers (see figure 1(b)). In contrast, the plus ends of the
ipMTs are crosslinked at the equatorial plane of the spindle
(see figure 1(c)). Over the last five years we have studied the
strength and stability of all the three types of attachments. In
our earlier publications [4, 5] we reported the results of in silico
MEFS of MT—kt and MT—cortex attachments. In this paper we
have reported, for the first time, the results for two antiparallel
ipMTs crosslinked by active crosslinkers.

The crosslinked antiparallel interpolar MTs play a cru-
cial role in maintaining the structural integrity and stability
of the spindle [65]. As our results establish here, the active
crosslinkers tend to destabilize such attachments. In sharp con-
trast, passive crosslinkers can increase the overlap between
the two crosslinked antiparallel MTs by sliding these with
respect to each other with forces that are of entropic ori-
gin [66, 67]. Asel-GFP is a well studied example of passive
crosslinkers. Johann et al [68] and Guha et al [69] devel-
oped minimal models to study the competition between active
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and passive crosslinkers. Moreover, the passive crosslinkers
generate effective friction between the two antiparallel MTs;
the microscopic origin of this friction has been elucidated by
Wierenga and Rein ten Wolde [70]. Work on in silico MFS of
antiparallel MTs crosslinked by a mixture of active and passive
crosslinkers is in progress [71].

The molecular biomechanics of the negative ends of all the
three types of MTs, which are anchored on macromolecular
complexes located at the spindle poles (see figure 1(d)), has
just begun to receive attention from the perspective of MFS.
Fong et al [72] purified spindle pole bodies (SPB) from bud-
ding yeast. Preparing an attachment of a single MT with the
SPB in vitro, they tested its strength using the force-ramp pro-
tocols of MFS. The mean rupture force of this attachment
turned out to be approximately four times higher than that
of the kt—MT attachment under identical loading conditions.
Fong et al [72] speculated that the higher rupture force of the
SPB—MT is essential for maintaining the structural integrity
of the spindle. The relative magnitudes of the two attachments
ensures that the MT remains firmly anchored on the SPB and
the laminar structure of the SPB remains intact even when the
kt—MT attachment gets ruptured. Work on the development
of a theoretical model for this pole-MT attachment and its
MES in silico is now in progress; the results will be reported
elsewhere in future [73].

In this paper we have assumed both the MTs to be perfectly
rigid and the external tension has been applied in a direc-
tion colinear with the MTs. In case of MTs much longer than
their persistence length, the filament can be approximated by
a semi-flexible polymer; in that case, it would be interesting
to explore the consequence of applying the force in a direc-
tion making an angle with the attached linear segment. In the
commonly used geometry of gliding assay, MTs float on a flat
surface onto which the tails of two-headed motors are anchored
while the heads tends to walk on the MTs thereby causing
gliding of the MT on the surface. The protocol used for
studying force-induced desorption of a semi-flexible MT
crosslinked with a surface by motors, a situation that mimics
gliding assay, is similar to force-ramp protocol of MFS [74].

Mitotic spindle is not the only filamentous network formed
by MTs in eukaryotic cells. Distinct types of MT network
architectures emerge in different types of cells and even dur-
ing different phases of the cell cycle of a single cell [75-80].
It would be interesting to probe molecular hubs in those
MT networks from the perspective soft mechano-chemistry
using MFS.

6. Conclusion: past, present and prospects of soft
mechano-chemistry

In the words of Karplus [81], ‘the ligand can be as small as
an electron, an atom or diatomic molecule and as large as a
protein’. This definition of a ligand has been extended even
further in our works on the various molecular hubs of mitotic
spindle depicted in figure 1 where we treat a MT [16] as a
‘ligand’ and its binding partner as a ‘receptor’. The conditions
implemented in our simulations of the various MT-receptor
models are essentially in silico analogs of the ‘force-clamp’

and ‘force ramp’ protocols of in vitro MFS carried out with
common chemical ligand—receptor bonds [82].

Biomechanics is a sub-discipline of mechanics (as
well as that of biophysics, and biomedical engineering).
Molecular biomechanics focuses mainly on the mechani-
cal aspects of biomolecules, which includes, for example,
force-induced structural (or conformational) changes and
unfolding of biomolecules and even rupture of non-covalent
inter-molecular bonds. Therefore, the results of our in sil-
ico molecular force spectroscopic studies of the various
attachments formed by MTs are contributions to molecular
biomechanics. In contrast, mechano-biologyis a sub-discipline
of biology. Molecular mechano-biology is mainly concerned
with control and regulation of the biological functions of
biomolecules by mechanical stress and functional response of
biomolecules to mechanical stress.

It is worth asking the implications of the results of our stud-
ies in molecular biomechanics in molecular mechano-biology.
Catch bond is known to facilitate mechano-sensing [83—85].
Important roles of mechanical forces in the stabilization of
proper chromosome configuration in a mitotic spindle have
been known for a long time [86, 87]. More specifically, in the
context of our studies, what may be the biological functional
advantages of a catch-bond over a slip-bond? An answer to
this question may provide a clue as to why some of the attach-
ments formed by MTs in a spindle are catch-bonds whereas the
others are just slip-bonds. In recent times a catch-bond-based
mechanism of ‘mechanical proofreading’ has received serious
attention in the literature. It is one of the three possible mech-
anisms of mechanical proofreading that have been proposed
[88]. Increased bond lifetime with increasing tension, as hap-
pens in the case catch-bonds, may enable a receptor to select
for the specific ligands which form catch bond with it.

From our investigations so far, it appears that there is a
significant qualitative difference between the MT—kt, MT—ct
attachments on one hand, and the crosslinked ipMTs on the
other. Over a physiologically relevant parameter range the
former exhibits catch-bond like behavior whereas the latter
always remains a slip bond. These behaviors might have been
shaped by evolution. In the light of mechanical proofread-
ing, our results would imply that attachments (crosslinks)
formed by the antiparallel ipMTs do not involve the kind of
specificity that is involved, for example, in the formation of
the MT-kt attachment. This particular implication needs a
thorough investigation in future.

The term ‘emergent mechanics’ has been coined [89] for
conceptual framework needed to account for the emergent
collective spatial and temporal patterns of such multi-
component scaffolds in terms of the chemo-mechanical inter-
actions and dynamics of their building blocks. Our studies
of the soft chemo-mechanics of the key molecular joints in
the spindle is likely to provide insights into the mechanisms
of integration of operation of these joints [90] in the overall
emergent mechanics of the mitotic spindle [91].
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