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ABSTRACT In the mitotic spindle, microtubules attach to chromosomes via kinetochores. The microtubule-binding Ndc80
complex is an integral part of kinetochores, and is essential for kinetochores to attach to microtubules and to transmit forces
from dynamic microtubule ends to the chromosomes. The Ndc80 complex has a rod-like appearance with globular domains
at its ends that are separated by a long coiled coil. Its mechanical properties are considered important for the dynamic interaction
between kinetochores and microtubules. Here, we present a novel method that allows us to time trace the effective stiffness of
Ndc80 complexes following shortening microtubule ends against applied force in optical trap experiments. Applying this method
to wild-type Ndc80 and three variants (calponin homology (CH) domains mutated or Hec1 tail unphosphorylated, phosphory-
lated, or truncated), we reveal that each variant exhibits strain stiffening; i.e., the effective stiffness increases under tension
that is built up by a depolymerizing microtubule. The strain stiffening relation is roughly linear and independent of the state of
the microtubule. We introduce structure-based models that show that the strain stiffening can be traced back to the specific ar-
chitecture of the Ndc80 complex with a characteristic flexible kink, to thermal fluctuations of the microtubule, and to the bending
elasticity of flaring protofilaments, which exert force to move the Ndc80 complexes. Our model accounts for changes in the
amount of load-bearing attachments at various force levels and reproduces the roughly linear strain stiffening behavior, high-
lighting the importance of force-dependent binding affinity.
SIGNIFICANCE By time-tracing the stiffness of microtubule end-tracking Ndc80 complexes in optical trap experiments,
we detect strain stiffening, and, thereby, provide new insights into the elastic properties of the Ndc80 complex. The strain
stiffening is robust against mutations in the Ndc80 complex. We relate strain stiffening to the structure of the Ndc80
complex by means of a simple polymer model, to thermal fluctuations of the microtubule, and to the flexibility of force-
generating flaring protofilaments at the tip of the microtubule. Since Ndc80 complexes play a major role in transmitting
force from microtubule ends to the kinetochore, their elastic properties are of great interest for a deeper understanding of
chromosome dynamics in the mitotic spindle.
INTRODUCTION

In the mitotic spindle, microtubules (MTs) attach to chro-
mosomes via macromolecular structures called kineto-
chores (1). Kinetochores bind to MTs via attachments
created by Ndc80 complexes (2). The Ndc80-mediated
attachments remain intact while dynamic MTs alternate be-
tween growth and shrinkage, and transmit depolymerization
forces to the kinetochore during the segregation of chromo-
somes. The exact mechanisms underlying binding and force
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transmission are not completely understood but are expected
to reflect the molecular structure and resulting elastic prop-
erties of the Ndc80 complex.

The Ndc80 complex is a four-subunit rod-like coiled coil
with a characteristic flexible kink at approximately one-
third of its length (3,4). MT binding is performed by the
globular calponin homology (CH) domains near the N-ter-
minal ends of the Ndc80 and Nuf2 subunits, and an unstruc-
tured N-terminal tail. In vitro experiments reveal that a
single Ndc80 complex is not able to track dynamic MT
ends (5–7), whereas tracking activity is attained by multi-
merization (5,7) and in the presence of Dam1 or Ska
complexes (6,8,9). Moreover, an unstructured positively
charged Ndc80 tail that precedes the CH domain is crucial
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for MT tip tracking (10), and phosphorylation of the tail or
introduction of negative charges reduces the binding affinity
of the Ndc80 complex to the MT lattice (2,11–14).

Early theoretical models of spindle-kinetochore dy-
namics envisioned a static Hill sleeve with rigid linkers
(15,16) or motor proteins mediating MT-kinetochore attach-
ment and movement (17). More recent studies included
(visco)elastic MT-kinetochore linkers with a constant stiff-
ness, which had to be estimated (18–21). One such model
identified the linker stiffness as a critical parameter for the
occurrence of chromosome oscillations during metaphase
(22). With the identification of the Ndc80 complex as the
crucial linker, understanding its elastic properties has now
become crucially important to dissect how MT depolymer-
ization forces are transmitted to the kinetochore to generate
movement. The elastic properties of the Ndc80 complex in
its MT-bound state, in particular its stiffness under tension,
are the main subject of this work.

Measurements of stiffness can confirm structural models
if they are in agreement with elastic models derived from the
available structural information on the Ndc80 complex. The
elastic properties of the Ndc80 complex were studied exper-
imentally by optical trapping methods introduced in (7).
Here, we re-analyzed them using novel theoretical analysis
and modeling approaches. In those experiments, the stiff-
ness of Ndc80 complexes was found to increase under ten-
sion (7). Although in those experiments the stiffness was
only determined while the Ndc80 complexes were attached
to a stalled MT, here, we re-evaluate the same data with a
novel method that allows us to time trace the stiffness;
i.e., to determine the stiffness of Ndc80 complexes while
it tracks a polymerizing or depolymerizing MT against the
opposing load from the optical trap. By splitting the force
traces into fixed time intervals and analyzing stiffness at
each of them, we achieve several advantages: 1) we generate
more data over a wider force range; 2) we demonstrate stiff-
ening during force production and not only compare stalled
MTs to free ones; 3) we alleviate the concern that different
levels of strain stiffening result from differences in MT ends
or beads. Time tracing also allows us to establish that strain
stiffening does not depend on the state of the MT end: we
observe positive correlation of stiffness with force when
the MT stalls, grows, or shrinks. In addition to wild-type
Ndc80, we also analyze data from MT end-tracking experi-
ments with Ndc80 complexes whose tails are phosphory-
lated or truncated (10), or harboring CH domains that are
mutated to greatly reduce MT binding. We observe strain
stiffening for each of those Ndc80 mutations and draw con-
clusions on the role of the tail domain in MT binding.

In order to rationalize the experimental findings on strain
stiffening of the Ndc80 links, we introduce a simple poly-
mer model for the Ndc80 complex. Describing Ndc80 as
an ideal chain with two bonds of different lengths, we
show that the strain stiffening is a direct consequence of
the characteristic Ndc80 structure with its two stiff rods
2 Biophysical Journal 121, 1–15, November 1, 2022
that are connected flexibly. To match the measured stiff-
nesses, it is necessary to include the contributions from
MT fluctuations and from protofilament (PF) bending to
the total effective stiffness. Finally, to explain the shape of
the experimental stiffness-force relations, we also introduce
a positive correlation of the number of MT end-attached
Ndc80 complexes with MT-generated force.
MATERIALS AND METHODS

Experimental methods

Cloning and purification

The Ndc80 CH-mutant contains Hec1 K89A, Hec1 K166A, Nuf2 K41A,

and Nuf2 K115A: four mutations that reduce the binding of Ndc80 to

MTs (23). Mutations were introduced into pLIB-Hec1 and pLIB-Nuf2 vec-

tors using site-directed mutagenesis and Gibson assembly. Expression cas-

settes containing mutated Hec1, mutated Nuf2, Spc25-Sortase-Hexahistide,

and Spc24-Spy were combined on a pBIG1 plasmid and integrated into a

single baculovirus for expression in insect cells (24). The Ndc80 CH-

mutant was purified and linked to T1S3 modules (25) as previously

described in detail for wild type, tailless, and phosphorylated Ndc80 vari-

ants (7,10).

Optical trap experiments

Optical trap experiments with dynamic MTs and Ndc80 were performed as

described previously (7,10). In brief, 1-mm silica beads were coated with

poly-l-lysine-grafted polyethylene glycol (PLL-PEG) as described previ-

ously (7). Between 1% and 10% of the PLL-PEG carried a biotin, and

was subsequently saturated with T1S3 [Ndc80]3 modules. Ndc80-TMR

fluorescence on the bead was measured to determine the coating density,

and bead preparations containing on average 100–1000 Ndc80 copies per

bead were used for optical trapping.

The microscopic flow chambers were assembled using glass slides and

coverslips treated with 2% dichlorodimethylsilane. The chambers were

incubated with 0.2 mM anti-digoxigenin immunoglobulin (Ig) G (Roche).

Non-specific binding of molecules to coverslips was prevented by an

incubation with 1% Pluronic F-127. Then, GMPCPP-stabilized, digoxige-

nin-labeled MT seeds were attached to the coverslips. Finally, T1S3
[Ndc80]3-coated beads were introduced in a reaction mix containing 10–

12 mM tubulin, 1 mMGTP, 1 mg/mL k-casein, 4 mMDTT, 0.2 mg/mL cata-

lase, 0.4 mg/mL glucose oxidase, and 20 mM glucose.

Optical trapping experiments were performed as described previously (7).

Before each experiment, a free bead was attached to an MT near its growing

end and held in an optical trap with a stiffness of 0.02–0.04 pN nm�1.

Position of the bead was continuously recorded at 10 kHz using a quadrant

detector, and differential interference contrast (DIC) images were simulta-

neously recorded to monitor positions of the bead and the dynamics of

MTs. The bead was held in a trap until the MT depolymerized, which re-

sulted in two alternative outcomes: the bead-MT connection broke, or the

bead rescued the MT shortening, and the MT started regrowing. In case

of a rescue, recordings were stopped arbitrarily after 30 or more minutes

by increasing the trap stiffness to 0.2–0.4 pN nm�1 and rupturing the

bead-MT connection. Quadrant detector readings of the bead position

were later turned so that one of the axes corresponded to bead displacement

along MT to generate time traces xðtÞ of the bead position.
Time-tracing the stiffness

As long as the mean bead position is stationary, e.g., during MT stall, the

effective stiffness can be easily calculated from the variance of the bead po-

sition x by kBT=VarðxÞ. We now present a method that enables us to monitor
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the stiffness over time, i.e., also during polymerization and depolymeriza-

tion phases of the MT, and to observe strain stiffening of the Ndc80 com-

plex in the course of a single experiment. We divide the signal into

several intervals k of a certain lengthDt for each of which we will determine

a stiffness as sketched in Fig. 1. For that purpose, we do not use the variance

over that interval but the mean squared distance from a quasi-equilibrium

bead position, which may slowly vary over time. We estimate the time

course of the quasi-equilibrium bead position with a linear fit fkðtÞ to the

entire time trace xkðtÞ in an interval k. Then, the effective stiffness during

the interval k is given by the inverse of the mean squared distance

ck ¼ kBT

CðxkðtÞ � fkðtÞÞ2D
: (1)
FIGURE 1 Stiffness time-tracing. The signal is divided in intervals of

0.1 s, which gives 1000 data points per interval at a sampling rate of

10 kHz. For each interval, we estimate the evolution of the equilibrium

bead position with a linear fit fkðtÞ. The stiffness of an interval is then given
by Eq. 1, where the variance equals the mean squared distance of the bead

position xkðtÞ from the estimated equilibrium fkðtÞ. To see this figure in

color, go online.
Finally, we can assign a force Fk on the Ndc80 link to each interval,

which can be calculated from the trap stiffness and the mean bead position

during that interval, Fk ¼ ctrapCxkD.
The time interval Dt should be sufficiently small to describe a time-

resolved stiffness but, at the same time, should cover enough independent

displacement measurements for a trustful variance determination. Typical

autocorrelation times are g=c � 0:1–1 ms, where g is the friction coeffi-

cient and c the stiffness. For our experiments, Dt ¼ 0:1 s has proved to

be a good choice, which results in 100–1000 independent measurements

within each interval.
Theoretical model

Before modeling the outcomes of the stiffness measurements, we have to

identify the elastic elements that contribute to the total stiffness as sketched

in Fig. 2 B. The stiffness of the optical trap will always be present in the

measurements. Its value is determined during the calibration of the optical

trap after the bead detached from the MT.

Further potentially elastic elements connect the bead and the MT seed

that is fixed on the coverslip. On the one hand, this is the MT, which can

exhibit both a mechanical (stretching or bending) and an entropic stiffness

(from thermal fluctuations). On the other hand, the link between the MTand

the bead has elastic properties. We attribute the elasticity of the link to its

four constituents: first, the Ndc80 complex can act as an entropic spring

with stiffness cNdc due to its flexible kink; second, stretching the flaring

ends of the PFs at the MT tip out of their preferred curvature may produce

an effective stiffness cPF for pulling in the axial direction of the MT; third,

the bond between the Ndc80 trimer and the MT may also exhibit some

effective elasticity cbond, e.g., as a consequence of unbinding and rebinding

of individual Ndc80 units; and, finally, the PLL-PEG that connects the

Ndc80 complexes with the bead is a flexible polymeric linker with an

entropic stiffness cPEG.
Each of these four stiffnesses may depend on the applied force and

exhibit strain stiffening itself. Since the four elements are aligned in series,

their inverse stiffnesses sum up to the inverse linker stiffness ~c� 1:

~cðFÞ ¼
�

1

cPEGðFÞ þ
1

cNdcðFÞ þ
1

cbondðFÞ þ
1

cPFðFÞ
�� 1

: (2)

It is important to note that this reduces the total stiffness and that the soft-

est elastic element dominates the total stiffness.

It is possible that multiple Ndc80 complexes are attached parallelly to

the MT. For the sake of simplicity, we will always assume that each PF

can only attach one Ndc80 complex and that the parallel PFs and

Ndc80 complexes have the same elongation, respectively. Then, the force

F is shared equally between the parallel Ndc80-PF units with stiffness

~cðFÞ, so that the resultant stiffness of n parallelly attached Ndc80 com-

plexes can be written as

~cn ¼ n ~c

�
F

n

�
: (3)

Although parallel stiffnesses add up, the shared force can give rise to an

overall reduction ~cnðFÞ<~cðFÞ of the cooperative stiffness if the individual
stiffness exhibits strain stiffening cðFÞfFm with an exponent m> 1. We

will find below that such strain stiffening behavior is realized both for

Ndc80 and PF stiffness.

The n parallel linkers ~c are in series with a single MTwith stiffness cMT,

and the optical trap, whose force is applied on the bead from the opposite

side, acts as a parallel spring (see Fig. 2 A and B). This results in a total

stiffness
Biophysical Journal 121, 1–15, November 1, 2022 3
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FIGURE 2 (A) Sketch of the experiment (not true to scale) with n ¼ 3 attached Ndc80 complexes. We assume that each Ndc80 complex is exposed to the

same force F=n. (B) Spring model. Between the bead and the MT, there are four potentially elastic objects, which are aligned in series: the PLL-PEG, the

Ndc80 complex, the Ndc80-MT bond and the curved PF. When n Ndc80 complexes are attached to the MT, n of those serial combinations act as parallel

springs. (C) Ndc80 complex as FJC. The Ndc80 complex is a tetramer with a total length of 56 nm and a flexible kink at 40 nm. The long arm a is bound to the

glass bead, the short arm b to the MT. We model the Ndc80 complex as an FJC with two bonds a! and b
!
, which have the different lengths a and b. (D) Model

for PF bending. The z axis marks the direction along the MT, s is the position along the curved PF. The Ndc80 complex is attached at s ¼ s0 and applies the

force F in z direction. To see this figure in color, go online.
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ctotðFÞ ¼ ctrapðFÞ þ
�

1

n ~cðF=nÞ þ
1

cMTðFÞ
�� 1

: (4)

We note that the force dependence of the trap stiffness is negligible in the

examined force ranges so that we can assume c ðFÞ ¼ const in the
trap

following.
MT stiffness

In the experiments, typical MT lengths L (i.e., the distances between the

fixed MT seed and the MT tip linked to the bead) lay in a range between

3 and 10 nm. Given the values of 0.1–2 GPa for the Young’s modulus Y

of an MT (26), the stiffness for MT stretching can be estimated as YA=

L ¼ 5 to 330 pN nm�1, which is stiff enough to be ignored in the

following. Since the MT tip is lifted from the coverslip and therefore

slightly bent when it is bound to the bead, a horizontal force might not

only stretch but also unbend the MT. The mechanical stiffness from this un-

bending can also be neglected, as we show in the Supporting material.

Apart from purely mechanical elasticity, the MT can also exhibit an

entropic stiffness, which follows from a description as a semiflexible poly-

mer with thermally excited bending fluctuations. Then, for large forces

(F[ kBT=Lp � 10� 6 pN), the relation between the applied force F and

the mean extension z in force direction is given by (27,28)

z

L
¼ 1 �

�
kBT

4FLp

�1
2

; (5)
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with the persistence length Lp, which depends on the MT length (29):

Lp ¼ LNp =ð1þL20 =L
2Þ with LNp ¼ 6:3 mm and L0 ¼ 21 mm. The entropic

MT stiffness cMT can be deduced from the derivative of z with respect to the

force:

cMTðFÞ ¼
�
vz

vF

�� 1

¼ 4

L

�
Lp

kBT

�1
2

F
3
2

¼ 4ffiffiffiffiffiffiffiffi
kBT

p
�

LN
p

L2 þ L2
0

�1
2

F
3
2;

(6)

where the length-dependent persistence length was used in the last step.
Bond stiffness

The bond between individual Ndc80 complexes and the MT is established

by the globular regions at the N terminus of the complex (3,23,30) via CH

domains (31). Also the N-terminal tail of the Ndc80 subunit could be

involved in MT binding (1,32). The effective stiffness of the Ndc80-MT

bond is hard to model because the exact binding mechanism to the MT

is still elusive. Because the Ndc80 CH domain and the N-terminal tail

are relevant for binding to the MT, investigation of the stiffness changes

for mutants Ndc80D80 and Ndc80CHmut compared with the wild-type

Ndc80wt will allow us to address this issue in the ‘‘discussion’’ section.

Regarding the linker stiffness ~c, we will first concentrate on the contribu-

tions of the Ndc80 complex itself, the PF and the PLL-PEG in the

following.
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Ndc80 stiffness

In order to model the stiffness of the Ndc80 complex under force, we use a

simple polymer model that is based on the known structure (3,4): The

Ndc80 complex is a tetramer with a total length of 56 nm and consists of

two stiff arms with lengths a ¼ 40 nm and b ¼ 16 nm, see Fig. 2 C. In

the cell, the long arm is bound to the kinetochore, in the experiment it is

bound to the glass bead, while the short arm can attach to an MT. We

describe the conformation of the two arms by two vectors~a and~b in polar

coordinates as shown in Fig. 2 C:

~a ¼ a

0
@ sin qa cos 4a

sin qa sin 4a

cos qa

1
A; ~b ¼ b

0
@ sin qb cos 4b

sin qb sin 4b

cos qb

1
A: (7)

The impenetrable glass bead restricts these two vectors in the experi-

ment. Since the diameter of the glass bead (1 mm) is much larger than

the Ndc80 complex, we approximate the bead as a plane surface that

confines the Ndc80 complex to the upper half-space, so that za > 0 and

z ¼ za þ zb > 0 (see Fig. 2 C). Experiments have shown that the two

arms are connected flexibly within an angular range between 0+ (~a and
~b in line) and 120+ (maximally kinked) (4). Since we want to model

the Ndc80 complex while it is confined by the glass bead and under

the influence of an external stretching force that is applied in the z

direction and favors small angles, we can neglect the constraint to

angles below 120+. This allows us to perform an explicit analytical calcu-

lation, as we reduce the Ndc80 complex to a purely entropic freely jointed

chain (FJC) with two bonds of different lengths. The only energy is the

stretching energy from a constant external force ~F ¼ F~ez in positive z

direction,

EFJC ¼ � ~F ,
�
~aþ~b

�
¼ �Fðza þ zbÞ

¼ �Fða cos qa þ b cos qbÞ:
(8)

Respecting the confinement to the upper half-space, we obtain the canon-

ical partition function (bh1=kBT):

ZðFÞ ¼
ZZ
za;z > 0

dqa sin qadqb sin qb e
� bEFJC : (9)

Both the extension-force relation zðFÞ and the stiffness-force relation

cNdcðFÞ in the presence of thermal fluctuations can be obtained from deriv-

atives of the partition function with respect to the force:

zðFÞ ¼ CzD ¼ 1

b
vF ln Z; cNdcðFÞ ¼

�
vzðFÞ
vF

�� 1

(10)

The explicit result for the stiffness of the Ndc80 complex is
cNdcðFÞ ¼
�

2

bF2
þ b

2ebFa
��
a2 þ b2

	
si

2ebFa sin

� b

�
2ebFaða sinh bFbþ b

2ebFa sinh bFb �
In the limit of strong forces (F[ 1=bb ¼ 0:256 pN), this simplifies to

zðFÞ ¼ aþ b � 2

bF
; cNdc ¼ bF2

2
; (12)

which is a general result for arbitrary FJC polymer models under force,

where the relative extension of an FJC of total length L and bond length

b saturates according to 1 � zðFÞ=LfkBT=bF (28,33).
Protofilament stiffness

We assign a stiffness to the PF by modeling it as a beam with a preferred

curvature 4 and persistence length Lp. As described in Fig. 2 D, the PF is

straight and bound by lateral interactions with neighboring PFs for z < 0.

For z > 0, we assume that there are no interactions to neighboring PFs so

that the PF can bend freely. The PF conformation is described by the local

bending angle qðsÞ at the position s along the PF. The PF curvature is ob-

tained by the derivative _qðsÞ ¼ dq=ds. In the absence of an external force,

the PF has a preferred (or spontaneous) constant curvature 4. Let the Ndc80

complex attach at the position s ¼ s0 and apply a force F in the z direction.

Then, the total energy is the sum of bending and stretching energies,

EPF ¼
Z L

0

�a
2
ð _q � 4Þ2 � zFdðs � s0Þ

�
ds; (13)

with the bending stiffness a ¼ kBTLp and the total length L of the free PF;

the d function describes a point force applied at s ¼ s0. The PF is domi-

nated by the interplay of bending and stretching energy such that we can

neglect thermal fluctuations and obtain the PF stiffness from the configura-

tion minimizing the total energy EPF. Since the force F only affects the

shape of the PF for s < s0 while the curvature at s > s0 stays 4, we have

to minimize the PF energy with boundary conditions qð0Þ ¼ 0 and
_qðs0Þ ¼ 4. The energy minimizing PF configuration satisfies the Euler-

Lagrange equation €q ¼ F
a
sin q, which we solve numerically with a

shooting method in order to fulfill the boundary conditions. The effective

deflection is given by the position of the point of force application on the

z axis z0 ¼ zðs0Þ. Finally, the effective stretching stiffness of the PF can

be determined from the derivative of the deflection:

z0ðFÞ ¼
Z s0

0

cosqðsÞ ds; cPF ¼
�
dz0
dF

�� 1

: (14)

In the limit of strong forces (F[a=s20 � 0:3 �2 pN), the PF is

stretched, i.e., qðsÞ � 1, and we can approximate the differential equation

by €q ¼ ðF =aÞ q, which can be solved analytically:

z0ðFÞz s0

�
1 � 42

4s0

�a
F

�3=2
�
; cPFðFÞz 8F5=2

342a3=2
fF

5
2: (15)
nh bFbþ 2ab cosh bFb
	 � b2ebFb

h bFb � ebFb � bFbþ 1

cosh bFbÞ � bebFb � b

ebFb � bFbþ 1

�2
#� 1 : (11)
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We note the pronounced strain stiffening with cPFðFÞfF5=2, which is a

consequence of bending rigidity together with spontaneous curvature.

The model depends on three parameters: the persistence length Lp, the

preferred curvature 4, and the point of force application s0. Following the

results of in vitro experiments (34), we use Lp ¼ 200 nm and 4 ¼ 20+

per dimer throughout the paper. We assume that the Ndc80 complex can

attach to the curved free part of the PF at a point s0 that has to be smaller

than the length L of the curved part of the PF. This assumption will be re-

visited in the ‘‘discussion’’ section. McIntosh et al. (34) measured lengths L

in the range of 10–80 nm for depolymerizing MTs in vitro. In this paper, we

will use estimates s0 ¼ 20 nm and s0 ¼ 50 nm.
PEG stiffness

We estimate the PEG stiffness on the basis of the extended FJC model for

the elasticity of PEG provided by Oesterhelt et al. (35). Since PEG that is

dissolved in water undergoes a conformational transition from a helical to a

planar structure when tension is applied, the model includes two distinct

bond lengths, one for each of the conformations. Assuming a Boltzmann

distributed ratio of helical and planar monomers, the authors obtain an

effective bond length that depends on the applied force. We derive the

PEG stiffness cPEG from the extension-force relation LðFÞ that is given in

Eq. 2 in (35):

cPEGðFÞ ¼
�
dLðFÞ
dF

�� 1

: (16)

For the PEG-2000 used in our experiments, we evaluate the equations

with a number of NS ¼ 45 segments while keeping the other parameters

as listed in (35) (see Supporting material for more details).
RESULTS

Strain stiffening can be observed for several
Ndc80 variants

The ability of different Ndc80 variants to track and stall de-
polymerizing MTs has been examined in two previous
studies (7,10). Here, we re-examined the underlying data
to determine effective stiffnesses for wild-type Ndc80 com-
plexes (Ndc80wt) as well as three variants, including Ndc80
complexes with a phosphorylated tail (Ndc80P), Ndc80
complexes, whose tail has been truncated (Ndc80D80), and
Ndc80 complexes with mutated CH domains and a greatly
reduced MT binding (Ndc80CHmut).

In (7), the stiffnesses for the wild-type Ndc80 were deter-
mined from the variance of bead positions during MT stall,
which gave one stiffness per experiment. These experiments
revealed stiffening under force. However, the stall force is
related to the Ndc80 density on the bead and therefore prob-
ably also to the number of Ndc80 complexes that are
attached to the MT. For this reason, we can not determine
whether the stiffening is an intrinsic property of the
Ndc80 complex and/or the PF, or whether it arises from a
higher number of parallelly attached Ndc80 complexes.

To settle this issue, we need to time trace the stiffness
throughout a single experiment. We achieve this by binning
the data of bead positions in intervals of 0.1 s and deter-
mining an effective stiffness and applied force for each in-
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terval separately using the procedure described in the
‘‘materials and methods’’ section. This allows us to deter-
mine the stiffness while the depolymerizing MT pulls the
attached bead and thereby increases the force. In other
words, we measure the stiffness for different forces in a sin-
gle experiment and, thus, with a fixed Ndc80 density on the
bead. The results of this analysis are shown in Fig. 3 A–D for
four representative examples, as well as in Fig. S1 in the
Supporting material for 12 further examples.

For each of the Ndc80 variants, there are experiments in
which we detect a smooth stiffening behavior when the ten-
sion increases, but there are also experiments that do not
exhibit any stiffening at all, as in Fig. 3 D. Based on previ-
ously observed absence of stiffening during lateral bead-MT
attachment (7), we interpreted experiments without stiff-
ening as laterally attached and excluded them from the
following analyses. We note that our main results and con-
clusions that we derive in the following are unchanged if the
experiments without stiffening are included; see Fig. S2 in
the Supporting material. Experiments with observed stiff-
ening were interpreted as resulting from the end-on attach-
ment that is sketched in Fig. 2 A and analyzed further.
Stiffening was observed in 32 of 48 experiments with
Ndc80wt, eight of 24 with Ndc80D80, 12 of 32 with
Ndc80CHmut, and 14 of 29 with Ndc80P (see Fig. 3 E). Cal-
ibrations of QPD voltage to obtain bead displacement, as
well as calibrations of trap stiffness as a function of bead’s
displacement from the trap center, were linear within
200 nm from the trap center. Therefore, displacements
of a bead from the trap center that exceeded 200 nm
were excluded from the following analyses of the strain
stiffening.

In the experiments that exhibit stiffening, the MT depoly-
merization typically stalls at some force for Ndc80wt and
Ndc80P, but not for Ndc80D80 and Ndc80CHmut, where
the bead often detaches before it can stall the MT (see
Fig. 3 B), and the stalls that occur are shorter (10). This in-
dicates that the detachment force for Ndc80D80 and
Ndc80CHmut is usually below the MT stall force under the
experimental conditions applied. Therefore, a systematic
analysis of these mutants is only enabled by time tracing
of the stiffness prior to detachment, as measurements in a
stalled state are rarely possible. The decrease in detachment
force also confirms that the combination of the tail and the
CH domain is essential for force-resisting attachment (10).

A stall can be interrupted in two possible ways: either the
bead detaches from the MT (Fig. 3 A) or MT growth is
rescued (Fig. 3 C). In the first case, the bead relaxes imme-
diately to the equilibrium position of the optical trap and the
measured stiffness is the trap stiffness ctrap. In case of a
rescue, the bead stays attached to the polymerizing MT
and the tension decreases until the MT undergoes a catastro-
phe and starts depolymerizing again. This will allow us to
investigate stiffening of the Ndc80 complexes in depen-
dence of the dynamic state of the MT in the following
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FIGURE 3 (A–D) Four representatives for typical behavior during single experiments. Further examples, including Ndc80CHmut and Ndc80P, are shown in

Fig. S1 in the SupportingMaterial. For each experiment, the upper two plots show the piecewise linearized bead position and the stiffness over time, while the

stiffness-force relation is depicted in the bottom plot, in which the time is represented by the color gradient. When the force is increased due to the shrinking

MT, we can observe stiffening in most experiments (A–C). Shrinking usually is followed by a stall phase with constant force and constant stiffness (gray),

except for experiments with Ndc80D80 (B) and Ndc80CHmut, in which the bead often detaches before reaching the stall force. The stall is terminated either by

detachment (A) or by MT rescue (C). After detachment the bead relaxes to x ¼ 0 and we measure the trap stiffness. When the MT is rescued and grows, the

stiffness-force relation traces the same curve as during depolymerization. (E) Observed frequencies of the typical events described in (A)–(D). (F) Robust

power fits. For each Ndc80 variant, the combined stiffness data from all experiments (dots) are robustly fitted with power functions cðFÞ ¼ aFm þ c0 (lines)

as described in the Supporting Material. The offset c0 should respect the trap stiffness. (G) Stiffening exponents m that result from applying the power fits to

those single experiments, where a proper stiffening is recognizable and the bead was attached to the MT for at least 1 s, so that there areR 10 stiffnesses to fit

to. The horizontal bars mark the medians. (H) Summarized stiffness-force relations. The error bars represent the standard deviation of the mean in F and in c

of the points within each bin, where each experiment is considered as an independent event. The lines show the power fits from (F). (I) Stiffnesses separately

evaluated for stalled, shrinking, and growing MTs. Error bars as described in (H). Ndc80D80 and Ndc80CHmut are not included here because of rare occurrence

of rescues. To see this figure in color, go online.
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section. The four typical behaviors (stiffening during stall
followed by detachment or rescue, detachment before stall,
or no stiffening) that are described above and in Fig. 3 A–D
can be observed for each of the Ndc80 variants with fre-
quencies as summarized in Fig. 3 E.

Another advantage of our time-tracing method is that we
generate many more data points from the same number
of experiments. While, for example, 53 stiffnesses of
Ndc80wt were determined in (7) from stalling MTs, time
tracing generates 4403 stiffnesses from the same experi-
ments (see Fig. S3 in the Supporting material). The cumu-
lated force-stiffness data, which are collectively depicted
in Fig. 3 F for each Ndc80 variant, reveal the strain stiff-
ening more clearly than the sole use of the stalls in Ref. 7
and allow for a more thorough analysis and interpretation.

In order to further characterize strain stiffening, we fit po-
wer law functions cðFÞ ¼ aFm þ c0 to the collective data
by use of a robust regression minimizing the Huber loss
(36) (see Fig. 3 F and Supporting material). The exponent
m characterizes the observed strain stiffening behavior.
We account for the trap stiffness by the offset c0 for which
the fits yield results that, indeed, lie in a range 0.01–
0.025 pN nm�1, which is in accordance with the trap stiff-
nesses determined during calibration. While the stiffnesses
exhibit a linear dependence on force with exponents m
around unity for Ndc80wt and Ndc80P, the stiffness–force re-
lations of Ndc80D80 and Ndc80CHmut have a roughly para-
bolic shape (mz2). We note that, for Ndc80D80 and
Ndc80CHmut, there are few data for high forces, making
the stiffening exponents less reliable.

The stiffening exponents determined in Fig. 3 F are the
result of a fit to the combined data from several experiments
and may be biased by the correlation between the stall force
and the Ndc80 densities on the bead. Our new time-tracing
analysis, however, dampens this bias compared with the sole
analysis of the stalls as stiffnesses are determined for small
forces but at high Ndc80 densities during MT depolymeriza-
tion in the respective experiments. We also apply the power
law regressions to the stiffness-force relations of single ex-
periments. Then, we find most stiffening exponents in a
range between 0.5 and 2 but also detect outliers below this
range and close to 4 (Fig. 3 G). Finally, we evaluated the
stiffness-force relations separately for different populations
of beads. Since beads within the same population were pre-
pared under the same conditions, they can be assumed to
be coated with a similar number of Ndc80 complexes.
Although the populations had very different mean Ndc80
densities, the separate evaluation does not reveal a correla-
tion between Ndc80 density and the stiffening behavior, as
shown by Fig. S4 in the Supporting material. Therefore,
we exclude that the linear stiffening is a result of the corre-
lation between stall force and number of Ndc80 complexes
per bead.

For a better visibility and comparability of the strain stiff-
ening of the different Ndc80 variants, we summarize the
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stiffness measurements in Fig. 3 H by binning the time-
traced stiffnesses of all experiments in bins of 1 pN width
and averaging force and stiffness in each of these bins.
We find that all variant Ndc80 complexes exhibit similar
strain stiffening. Both truncating the tail or modifying the
CH domain slightly decrease the stiffness compared with
the wild type, especially for small forces. This indicates
that, in all four Ndc80 variants, the remaining intact com-
mon parts play a central role in strain stiffening. Differences
between variants are due to changes in the Ndc80-MT bond
and will be addressed in the ‘‘discussion’’ section.
Measured stiffness is independent of MT state

When an MT is rescued after the stall, as in the experiment
depicted in Fig. 3 C, the time-traced stiffness follows the
same stiffness-force relation in the shrinking and growing
states before and after rescue, respectively. The same obser-
vation can be made in experiments with several consecutive
rescues and catastrophes. This indicates that the stiffness is
independent of the MT state; i.e., on whether the Ndc80
complexes are attached to a shrinking, stalled, or growing
MT. To address this question systematically, we identify
the phases of shrinking, stalled, and growing MTs in the sin-
gle experiments, and bin the stiffnesses analogously to
Fig. 3 H but separately for each of the three MT states.
The results in Fig. 3 I do not show a significant dependence
on the MT state for any of the four Ndc80 variants. The in-
dependence of Ndc80-MT linker stiffness from MT state in-
dicates that PFs either do not contribute to the total stiffness
(because cPF [ ctot), or that, if they do contribute, their me-
chanical properties do not depend on whether the MT is
growing or shrinking. The stiffness contributions of PFs
are investigated below in more detail.
PLL-PEG is too stiff to contribute to the measured
stiffnesses

In the following sections, we attempt to explain the
observed strain stiffening by modeling the elastic elements
between the bead and the MT that add up to the stiffness
~cðFÞ as shown in Fig. 2 B and Eq. 2. We start with the
PLL-PEG linkage to the bead, whose contribution to the
measured stiffnesses should be clarified in addition to those
from the Ndc80 complex or the PF. PLL-PEG consists of a
poly-l-lysine (PLL) backbone and polyethylene glycol
(PEG) side chains. While the PLL backbone is adsorbed
on the glass bead in the experiment, the flexible PEG chains
can bind the Ndc80 oligomers.

From force-extension curves measured in AFM experi-
ments (37), stiffness of PLL adsorbed on a flat Nb2O5 sur-
face can be estimated as �100 pN nm�1, which is three
orders of magnitude above the stiffnesses observed in our
experiments. Oesterhelt et al. (35) successfully described
the elasticity of single PEG polymers by means of an
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extended FJC model with a bond length that follows from a
two-level system. Applying this model to the PEG-2000
with NS ¼ 45 segments used in our experiments, we obtain
a force-free stiffness of 1.38 pN nm�1 that increases under
tension, as shown in the Supporting material.

We conclude that both the PLL backbone and the PEG
chains are too stiff to make a significant contribution to
the observed strain stiffening and can be omitted in the
following analysis (cPEGðFÞ[~cðFÞ in Eq. 2.
Stiffening is a direct consequence of the Ndc80
structure

After eliminating a possible contribution of the PLL-PEG,
we will next include the remaining elements (Ndc80 com-
plex, MT, PF) step by step to discuss their relevance for
the observed strain stiffening. We start with the Ndc80 com-
plex, which is the most promising and interesting candidate
because of its flexible structure and its force transmitting
role in the mitotic spindle.

We model the Ndc80 complex as an FJC with two flexibly
connected stiff arms (see Fig. 2 C), resulting in a stiffness
cNdcðFÞ as given by Eq. 11. We have to take into account
that there might be n Ndc80 complexes attached in parallel.
For this situation, we assume that each Ndc80 complex has
A B

C

FIGURE 4 (A) The stiffness of n parallel Ndc80 complexes n cNdcðF =nÞ accord
with wild-type Ndc80 (red, see Fig. 3 H). Adding the MT stiffness in series (solid

The theoretical stiffness is minimized when the number of attached Ndc80 compl

MT in series with n parallel Ndc80 complexes, each of which is in series with a PF

s0 ¼ 20 nm from the straight MT lattice, the stiffness only differs slightly from

Bottom: for s0 ¼ 50 nm, the PF does have a significant contribution to the total s

still larger than the experimental outcomes for wild-type Ndc80. The Ndc80wt val

dependent number of attached Ndc80 complexes that minimizes the theoretical
the same elongation so that the force F is shared equally by
the attached complexes and the total stiffness is given by
n cNdcðF =nÞ (see Eq. 3). In Fig. 4 A, we compare the total
stiffness of n parallel Ndc80 complexes with the measured
stiffnesses of Ndc80wt. For any n, the model results are
about a factor of 2–4 larger than the measured values. More-
over, the two-segment Ndc80 model results in a strain stiff-
ening exponent m ¼ 2 in Eq. 12, which is larger than the
measured values mz1 in Fig. 3 E. We conclude that the
stiffness of the Ndc80 complex alone can explain strain
stiffening but is not sufficient to explain the measured stiff-
nesses quantitatively.

We note that the experimental values in Fig. 4 still contain
the trap stiffness, which is not included in the theoretical
curves. We refrained from correcting the experimental
values for the trap stiffness, as trap stiffness and time-traced
stiffnesses were determined by different methods and are,
therefore, difficult to compare: while the time-traced data
were obtained from the equipartition theorem, as described
in the ‘‘materials and methods’’ section, the trap stiffness,
which was also used for force determination, was calibrated
from the power spectral density (PSD) (38–40). In conclu-
sion, one should keep in mind that the wild-type stiffness
values in Fig. 4 probably need to be shifted slightly down-
ward by an amount of approximately 0.02 pN nm�1.
ing to Eq. 10 (dotted lines) is by a factor of 2–4 larger than themeasurements

lines) reduces the stiffness, but not sufficiently to match the measurements.

exes increases linearly with the force (nminðFÞ, gray line). (B) Stiffness of an
(dashed lines). Top: when the attachment on the curved PF has a distance of

the stiffness of an MT in series with just the Ndc80 complexes (solid lines).

tiffness. However, the combined stiffnesses of Ndc80 complexes and PFs are

ues in (A) and (B) are not corrected by the trap stiffness (see text). (C) Force-

stiffness (nminðFÞ, gray). To see this figure in color, go online.
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The fact that the Ndc80 model gives larger stiffnesses
than measured motivates the consideration of the additional
elastic elements from the MT, the PFs, and the Ndc80-MT
bonds in the total stiffness in Eq. 4. These elements are in
series to the Ndc80 complex and potentially reduce the total
stiffness of the entire Ndc80-MT link.
Entropic MT stiffness

Next, we consider the contribution of the MT, which can be
attached to several Ndc80 complexes. While a purely me-
chanical MT stiffness that follows from stretching or
bending the MT can be ruled out to contribute significantly
(see Supporting material), the MT also has an entropic elas-
ticity from thermal fluctuations. To estimate the entropic
stiffness, we describe the MTas a worm-like chain by means
of the force-extension relation in Eq. 5 taking into account a
length-dependent persistence length (29). The relevant MT
length is the free part of the MT; i.e., the contour length be-
tween the fixed MT seed and the MT tip. As a further conse-
quence of the length-dependent persistence length, the
resulting MT stiffness in Eq. 6 becomes length independent
for small MT lengths L � L0 ¼ 21 mm. Therefore, the MT
stiffness can be assumed to be the same in all experiments,
where typical MT lengths are between 3 and 10 mm, and we
use L ¼ 10 mm in the following as a general representative.

The entropic stiffness of the MT is of the same order of
magnitude as the Ndc80 stiffness, which is somewhat sur-
prising for an MT that is by a factor 100 shorter than its
persistence length. Consequently, the stiffness of n parallel
Ndc80 complexes alone is significantly reduced when the
MT stiffness is added in series (see Fig. 4 A). Interestingly,
the combination of a single MT with stiffening exponent
3/2 and several (nT5) Ndc80 complexes stiffening with F2

results in a roughly linear behavior in the examined force
range, which might explain the measured stiffening expo-
nents in Fig. 3 E. Despite the overall stiffness reduction,
our model predictions are still too large compared with the
measurements when only the MT and the Ndc80 complexes
are considered. Therefore, we speculate in the next step that
the Ndc80 complexes bind to the curved parts of the PFs re-
sulting in an effective stiffness from straightening the PFs.
Only long protofilaments are flexible enough to
reduce the total stiffness

We assume that forces recorded in our experiments are pro-
duced by tubulin protofilaments bending outwards from the
MT lattice when an MT shortens. We always record stall
events after a force has been developed; i.e., we do not
observe bead-bound Ndc80 preventing MT shortening
without force development. Therefore, we hypothesize
that bead-bound Ndc80 interacts with bent protofilaments
during stall. We also assume that, during stall, the MT-
generated force is equalized by the returning force of the
10 Biophysical Journal 121, 1–15, November 1, 2022
optical trap directed along the MT axis in the opposite
direction.

Since the PFs are bent out of their preferred curvature, a
restoring force on the Ndc80 complexes builds up, governed
by an effective stiffness cPF for strains in the axial direction.
In the ‘‘materials and methods’’ section, we quantified this
stiffness with a simple beam model (see Fig. 2 D) in Eq.
14. This model depends on three parameters: the preferred
curvature 4 of the PF, its persistence length Lp that defines
the bending stiffness a ¼ kBTLp, and the position s0 along
the free part of the PF where the Ndc80 complex attaches
(i.e., where the force is applied). While the first two param-
eters as well as the length of the free curved parts of the PF
are well described for MTs in vitro (34), a fixed attachment
position s0 of Ndc80 complex to the PF is not known, and
we use typical values s0 ¼ 20 nm and s0 ¼ 50 nm.

In Fig. 4 B, we plotted the stiffnesses of n parallel Ndc80
complexes with cNdc that are each in series with a PF cPF. We
see that the influence of PF bending is negligible for s0 ¼
20 nm, whereas for s0 ¼ 50 nm the PF significantly re-
duces the total stiffness close to the measured wild-type
values. We conclude that the PF stiffness is only relevant
when the Ndc80 complex is attached near the end of a
sufficiently long PF. An upper bound for s0 is given by the
total length of the curved part of the PF for which values
of L ¼ 10-80 nm have been measured in vitro (34).
Catch-bond behavior lowers the stiffness of
parallel Ndc80 complexes

So far, we have assumed a fixed number n of parallel Ndc80
complexes over the whole range of applied forces. We now
analyze how our model behaves when the number n of
attached Ndc80 complexes depends on the applied force,
n ¼ nðFÞ. In principle, both a catch bond and a slip bond
mechanism are conceivable for the Ndc80-MT bond. A
catch (slip) bond is characterized by a binding affinity that
increases (decreases) under tension (41). In our model, a
catch (slip) bond implies a monotonically increasing
(decreasing) force-dependent number of attached Ndc80
complexes nðFÞ.

We find that a force-dependent nðFÞ can lower the effec-
tive total stiffness of the entire Ndc80-MT link. The mini-
mal cooperative stiffness that can be realized is the
envelope of the stiffness-force relations cnðFÞ for different
n in Fig. 4 A and B. The envelope of the cnðFÞ relations is
obtained by a force-dependent number nminðFÞ of attached
Ndc80 complexes that minimizes the stiffness cnðFÞ for
each F. The resulting nminðFÞ is shown in Fig. 4 C and
increases linearly, which also implies a catch-bond
behavior. For long PFs (s0 ¼ 50 nm), the envelope stiffness
cnmin

ðFÞ has actually the correct order of magnitude
compared with the experimental data shown in Fig. 4 B.
The number nminðFÞ also remains below n ¼ 15 in the
examined force range, which is in agreement with estimates
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for the number of Ndc80 complexes in the proximity of the
MT given the expected Ndc80 density on the bead (5,7).

Apart from the absolute stiffness values, a model should
reproduce the observed roughly linear strain stiffening
behavior with the exponent m around unity (see Fig. 3 E).
Our theory, on the other hand, predicts exponents of 3/2,
2, and 5/2 for the MT, the Ndc80 complexes and the PFs,
respectively. The relation nðFÞ can change the latter two
stiffening exponents. From Eq. 3, one can see that a linearly
increasing nðFÞ actually implies a linear stiffening as
observed in our experiments since F=nðFÞ ¼ const and,
therefore, ~cnðFÞ ¼ nðFÞ~cðconstÞfnðFÞ.

For a slip bond, on the other hand, where vFnðFÞ< 0 and
nðFÞ/0 for large forces by definition, the argument in
Eq. 3, F=nðFÞ, increases rapidly. As a consequence, we
can approximate cNdc and cPF with the power laws from
Eqs. 12 and 15, respectively, so that

cnðFÞ� nðFÞ
�

F

nðFÞ
�m

¼ Fm

ðnðFÞÞm� 1
>OðFmÞ; (17)

We conclude that any kind of slip bond will increase the
stiffening exponent for large forces. Stiffening exponents
below the values m ¼ 2 for Ndc80 stiffness or m ¼ 2:5
for PF stiffness, as obtained in the experiments, are indica-
tive of a catch-bond mechanism. For the time traces from
single experiments in Fig. 3 E, 79 % of the stiffening expo-
nents lie below 2.
DISCUSSION

The novel analysis of time traces of bead positions in optical
trapping experiments allows us to time trace the stiffness dur-
ing single experiments and go beyond an analysis limited to
the MT stall state (7). This enabled us to increase the avail-
able number of stiffness measurements by one to two orders
of magnitude and study strain stiffening of wild-type Ndc80
in more detail. It also enabled us to study strain stiffening of
Ndc80 variants with a truncated tail or with a mutated CH
domain, both of which typically detach before the MT has
been stalled, and to explore strain stiffening selectively in
the shrinking, stalled, and growing state of MTs.

We found that all mutant Ndc80 complexes exhibit strain
stiffening hinting at a central role of the Ndc80-Nuf2 coiled
coil, rather than the MT binding sites in the CH domain and
the N-terminal tail. The measured stiffnesses of the entire
Ndc80-MT link are lower than theoretical predictions
from our Ndc80 model. Therefore, additional elastic ele-
ments in the Ndc80-MT link or a force-dependent number
of attached Ndc80 complexes should be relevant. We could
exclude the PLL-PEG connection between Ndc80 com-
plexes and the bead, which is too stiff to contribute. Effects
from the MT and from protofilament flexibility are neces-
sary for the model to conform to experimentally measured
stiffnesses, and the observed linear stiffening may be ex-
plained by an increasing number of attached Ndc80 com-
plexes under force (catch bond). Moreover, stiffness
differences between variants allow us to draw some conclu-
sions on the Ndc80-MT bond.
Effects from protofilaments

Time tracing of the stiffness allowed us to study strain stiff-
ening selectively in the shrinking, stalled and growing state
of MTs. We found no significant stiffness differences be-
tween MT states (see Fig. 3 C and H), leading to the conclu-
sion that the stiffness of the bent PFs is either too large to
contribute significantly to the total stiffness or that it does
not depend on the MT’s polymerization state.

Our PF model showed that the PF contribution to the
overall stiffness depends strongly on the length of the PFs
and the position along the PF where the Ndc80 complex is
attached. An attachment point s0 close to the straight part
of the PF (s0 % 20 nm) predicts a negligible contribution
of the PF. It has been shown that single Ndc80 complexes
bind to straight PFs but show a much weaker affinity for
curved PFs (6,31). The results of (31) also suggest that the
weaker affinity is due to a missing interaction of the CH
domain with a curved PF so that a weaker bond is formed
by the N-terminal tail alone. This is supported by the results
in Fig. 3 E, which show that Ndc80D80 with truncated tail
enters a state of stall, which requires binding to the MT,
less frequently. There are, however, differences. Our stiff-
ness measures derive from experiments where Ndc80 multi-
mers were used that were able to tip-track, in contrast to the
single Ndc80 complexes in (31) and (6). Moreover, these ex-
periments were not performed with full wild-type Ndc80
complexes but with Ndc80bonsai, lacking almost the entire
coiled coil region (31), or with Ndc80broccoli, lacking
Spc24 and Spc25 (6). Together, these differences leave
room for speculating that our experimental conditions allow
for Ndc80 binding to curved PFs. For instance, the Ndc80
complexes may bind initially to a straight PF, which be-
comes curved at the binding site during depolymerization
while the Ndc80 complex stays attached.

Attachment of Ndc80 to long flaring PFs with attachment
lengths around s0 ¼ 50 nm are predicted to reduce the stiff-
ness of the Ndc80-MT link to values close to the measured
stiffnesses (Fig. 4 B). This is consistent with the conclusion
that PFs contribute to the total stiffness but have identical
elastic properties during MT shrinkage, stall, and growth,
and is also in agreement with the recent observation that
the curvature of PFs is the same during polymerization
and depolymerization (34).
Number of attached Ndc80 complexes and
potential catch-bond mechanism

The number n of simultaneously attached Ndc80 complexes
could not be directly inferred from the experiments in (7)
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and (10). From the known Ndc80 densities on the bead, we
can estimate that one to four Ndc80 trimers (i.e., three to 12
Ndc80 complexes) are in the vicinity of the MT end and can
potentially bind (7).

From the equal stiffness-force relations before and after a
rescue, we also conclude that the number of attached Ndc80
complexes is the same during polymerization and depoly-
merization. Dynamically, it is possible that the number of
attached Ndc80 complexes changes in a force-dependent
manner between MT catastrophes and rescues. For force-
free detachment and attachment of a single Ndc80wt

complex, timescales of toff ¼ 1:6 s and ton ¼ 0:4 s,
respectively, have been found (7). With a phosphorylated
tail, toff is supposed to be smaller (12). Since the durations
of MT depolymerization vary in a wide range from less than
1 s up to � 100 s, both a constant and a dynamic number of
attached complexes are possible.

Our modeling results showed that the absolute stiffness
values as well as the roughly linear strain stiffening relation
(see Fig. 3 E) are best reproduced by a force-dependent
number nðFÞ, which increases linearly with force (see
Fig. 4 B) implying a catch-bond mechanism. Among the
stiffening exponents for the time traces from single experi-
ments in Fig. 3 F, 79% of the strain stiffening exponents lie
below 2, which is indicative of a catch-bond-like behavior.
As already noted above, the linear stiffening may also be
an apparent phenomenon that results in the examined force
range from the combination of the different stiffening be-
haviors of a single MTand a sufficiently large constant num-
ber of Ndc80 complexes and PFs.

Assuming that Ndc80 forms a catch bond to the MT, the
question arises how this mechanism could work. The whole
kinetochore, consisting of several additional proteins, has
been proposed to act like a catch bond (42). It is widely
assumed that the Aurora B kinase, which was not present
in our experiments, is important in the kinetochore’s
catch-bond mechanism (43–45). Kinetochores purified
from Saccharomyces cerevisiae, however, were shown to
build catch bonds with MTs in vitro even without Aurora
B activity (46). Importantly, the catch-bond behavior of
the purified yeast kinetochores was abolished when Dam1
or Stu2 were absent, even in presence of Ndc80 (46,47).
There is evidence that Ndc80 stretching correlates with
MT binding as the Ndc80 complex may exist in an auto-in-
hibited bent conformation with reduced MT binding capac-
ity (48) and that the Ndc80 complex bends (‘‘jackknifes’’)
upon detachment (49). This suggests that the binding affin-
ity for MTs increases when the Ndc80 complex is stretched,
which would further imply that Ndc80 has an intrinsic
catch-bond-like mechanism. To what extent this effect is
relevant for our experiments is unclear, as, according to
our FJC model, the Ndc80 complex is already stretched
by small forces. For instance, at F ¼ 1 pN we find a
mean angle of ð44523Þ+ between the arms~a and~b (where
the angle is 0+ for a maximally stretched Ndc80 complex).
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Speculating on other possible catch-bond mechanisms, it is
conceivable that by stretching the unstructured tail addi-
tional binding sites become available which are concealed
in the entangled tail at low forces. Force-enhanced adhesion
by unfolding is a common catch-bond mechanism (50); ex-
amples are the von Willebrand factor (51,52) and a-catenin
bonding to F-actin (53) in the cytoskeleton. In conclusion,
an intrinsic catch-bond mechanism of Ndc80 complexes
is compatible with current knowledge and worth consid-
ering as one of the ingredients that define the characteristics
of Ndc80 strain stiffening. Such a mechanism could
also contribute to the catch-bond behavior of the entire
kinetochore.

We assumed throughout the paper that the applied force is
shared equally among the Ndc80 complexes attached in par-
allel so that each complex and each PF has the same elonga-
tion. If this assumption is lifted, the system will be
dominated by a few very stiff Ndc80 complexes, which
are the ones with the largest stretch. It is possible that the
linker extensions approach a uniform distribution under
force; for instance, because some extremely stretched
Ndc80 complexes detach from the shrinking MT. Then,
despite detachment of a few linkers, the number of linkers
with a relevant stretch increases under force. In conclusion,
such a mechanism would result in an apparent catch-bond
behavior without the need for individual Ndc80-MT catch
bonds.
Structure of Ndc80-MT bond and role of the
N-terminal tail in MT binding

Stiffness differences between the wild-type Ndc80wt and
mutants Ndc80D80 and Ndc80CHmut reflect roles in MT bind-
ing of the N-terminal tail and the CH domain, respectively.
These differences will allow us to draw some conclusions on
the Ndc80-MT bond, whose exact mechanism is still un-
known. The CH domain binds between two tubulin mono-
mers via a structural element named the ‘‘toe’’ (31). The
N-terminal tail also supports MT binding, but its exact
role is still under debate. Three models are currently dis-
cussed (23,54): direct binding to the MT lattice, cooperativ-
ity and clustering by interactions with neighboring Ndc80
complexes, and co-factor recruitment. Since no co-factors
were present in our experiments, we will concentrate on
the former two models.

Our comparative study of Ndc80wt, Ndc80D80, and
Ndc80CHmut allows us to dissect the role of the tail and
the CH domain on Ndc80-MT binding. Both Ndc80 mutants
displayed decreased stiffnesses compared with the wild type
(Fig. 3 G), an effect we ascribed either to a softened Ndc80-
MT bond or to a reduced number of attached Ndc80 com-
plexes. In the elastic toy model in Fig. 5 A, both the CH
domain and the tail of Ndc80wt bind to the PF, so that
they can be represented by two parallel springs that add
up to the total bond stiffness cbond. Due to the parallel
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FIGURE 5 Models of the Ndc80-MT bond for po-

tential roles of the N-terminal tail. (A) When the tail

binds directly to the PF, an elastic model of the

Ndc80-MT bond comprises the tail and the CH

domain as two parallel springs. If the tail is deleted

(Ndc80D80) or the CH binding domain is blocked

(Ndc80CHmut), either of those springs is missing,

which lowers the bond stiffness cbond and thereby

the total stiffness ~c. (B) In the case of an interaction

of the tail with CH domains of neighboring Ndc80

complexes, the number of parallelly attached linkers

is reduced for the two mutants Ndc80D80 and

Ndc80CHmut. To see this figure in color, go online.
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arrangement, lack of either of the two springs in Ndc80D80

or Ndc80CHmut reduces the bond stiffness, predicting overall
stiffnesses as depicted in Fig. 3 G. If both the CH domain
and the N-terminal tail bind directly to the MT lattice, the
two Ndc80 mutants probably have a reduced MT binding af-
finity. Therefore, in the direct binding model, the reduction
of the overall stiffness could be a consequence of a reduced
number of attached Ndc80 complexes as well as of a reduc-
tion of the individual bond stiffnesses.

When the N-terminal tail interacts with neighboring
Ndc80 complexes instead of the tubulin, the induced cooper-
ativity supports parallel attachments of multiple Ndc80wt

complexes, see Fig. 5 B. Deletion of the tail or mutation of
the CH domain may impair the cooperative behavior, with
the result that fewer linkers connect the bead (or the kineto-
chore) with the MT and the overall stiffness decreases (for
small andmedium forces; see Fig. 4).While there is evidence
supporting a contribution of the tail to cooperative MT bind-
ing, there is at present no clear evidence indicating that the
Ndc80 CH domain contributes to binding cooperativity.

Tail phosphorylation was shown to reduce the MT bind-
ing affinity of the Ndc80 complex (2,11–14). Moreover,
the durations of the MT stalls are shorter when the Ndc80
tails are phosphorylated (10). This suggests that phosphory-
lation impedes the function of the tail similarly as if the
tail is truncated. However, in contrast to Ndc80D80, the stiff-
ness of Ndc80P is not significantly reduced compared with
Ndc80wt, see Fig. 3 G. It remains an open question how
these observations are compatible with the binding models
depicted in Fig. 5.
Comparison of model and experiment

Our model can explain the strain stiffening from the struc-
ture of the Ndc80 complex and the bending elasticity of
long flaring PFs. If we allow for a force-dependent number
of bound Ndc80 complexes, a linearly increasing number of
bound complexes (requiring a catch-bond mechanism) also
reproduces the observed roughly linear strain stiffening rela-
tion. Ndc80, by itself or in series with PFs, gives absolute
stiffness values that are still above the measured stiffnesses.
Including a force-dependent number of bound Ndc80 com-
plexes gives values that are close but still slightly higher
than measured. As already mentioned, the missing part
might be the Ndc80-MT bond, which is additionally in se-
ries with the Ndc80 complex and the PF, as illustrated in
Fig. 2. However, since the stiffness of the bond is hard to
quantify due to the little knowledge of the exact binding
mechanism, we did not go beyond the qualitative discussion
in the previous section.

Regarding the Ndc80, we have also investigated possible
effects from finite flexibility of the two Ndc80 arms by
modeling both arms as semiflexible worm-like chains. We
performed Monte Carlo simulations, in which each Ndc80
arm had the same persistence length Lp. Using persistence
lengths in a realistic range of LpT100 nm as they have
been determined for other coiled coil proteins such as tropo-
myosin (55), our simulations lead to the conclusion that
semiflexibility has only a minor effect on total stiffness
(see Supporting material).

Finally, we need to discuss the accuracy of our experi-
mental method. While the trap stiffness was calibrated by
Biophysical Journal 121, 1–15, November 1, 2022 13
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fitting the power spectrum based on Brownian motion in a
harmonic potential (38–40), this well-established method
can not be applied for measurements of the anharmonic
Ndc80 stiffness. Therefore, we had to determine the
Ndc80 stiffness from the variance of bead position, which
is a simpler and universal but less accurate approach. In
particular, the measured overall variance contains a system-
atic noise that is added to the actual variance of bead posi-
tion, which is why the stiffness tends to be underestimated
by kBT=VarðxÞ (56–58). This systematic underestimation,
which we cannot quantify, might explain why our model
tends to predict higher stiffnesses than experimentally
measured.
CONCLUSIONS

In conclusion, we accumulated extensive stiffness data of
the Ndc80-MT link by optical trapping methods in combina-
tion with a novel time-tracing analysis. We were able to
study wild-type Ndc80 complexes and three variants. Our
theoretical model for the Ndc80-MT link, which includes
structure-based models of the Ndc80 complex, the MT,
and flaring PFs, is able to explain the strain stiffening
observed when Ndc80 is bound to shortening MT plus
ends, and reproduces the correct order of magnitude of the
stiffness. Thus, our results on the elastic properties further
support these structural models from the mechanical point
of view. Our model also reproduces the roughly linear strain
stiffening behavior when taking a force-dependent binding
affinity into account.
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FIG. S1. Twelve more example experiments as described in Fig. 3A-D in the main text. The gray

lines show powerfits to the stiffness–force relations that exhibit strain stiffening, giving the stiffening

exponents depicted in Fig. 3F in the main text. The fits do not include values corresponding to

x > 200 nm, see for instance the top Ndc80P plot, where the fit only applies to F . 6 pN.
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results are unchanged due to the comparably short durations of non-stiffening experiments. (A) Cu-

mulative stiffness data with robust power fits analogously to Fig. 3F in the main text. The linear

stiffening is maintained for Ndc80wt and roughly for Ndc80P. (B) Summarized stiffness–force re-

lations analogously to Fig. 3G in the main text. The Ndc80wt stiffness still exceeds the stiffnesses

of Ndc80∆80 and Ndc80CHmut.
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FIG. S3. Increased amount of stiffness data. While only one stiffness per experiment can be

obtained by the sole use of the stalls for stiffness determination (right bars), the time tracing

analysis increases the amount of data by 1 to 2 orders of magnitude (left bars).
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I. ROBUST FITTING TO THE STIFFNESS–FORCE RELATIONS

Here, we describe the robust fitting procedure of power law functions c(F ) = aF b + c0 to

the force–stiffness data (Fi,ci). Since the stiffness values that result from the time tracing

analysis exhibit a high spread (see Fig. 3E in the main text), we perform the power fits by

use of a robust fitting method instead of a least squares fit which is sensitive to outliers.

While in a least squares fit the sum of the squared residuals is minimized,

min
1

2

∑
i

ε2i , εi =
c(Fi)− ci

σi
, (S1)

the robust fitting method that we applied minimizes the sum of the Huber loss functions

ρ(εi) [S1]:

min
∑
i

ρ(εi), ρ(ε) =


1
2
ε2, |ε| < k

k|ε| − 1
2
k2, |ε| ≥ k

. (S2)

Thereby, the residuals are weighted as in a least squares fit for ε < k, and with an absolute

estimator (which results in a median when the data is fitted by a constant function) for

ε ≥ k. The tuning parameter k is set to 1.345 to achieve a relative efficiency of 95 % in

respect to the normal distribution [S2, S3]. Finally, we need to estimate the errors σi of

the stiffnesses that we determined from the sample variances of the bead positions x within

each interval (see Fig. 1 in the main text). Since c ∝ 1/Var(x), the relative deviation of the

the stiffness is the same as for the variance, σc/c = σVar/Var(x). From a sample of length n,

the variance and its deviation can be estimated to [S4]

Var(x) =
1

n− 1

∑
i

(xi − 〈x〉)2 , σVar =

√
2

n− 1
Var(x). (S3)

With n = 1000 in a 0.1 s interval at a sample frequency of 10 kHz and stiffnesses around

c = 0.1 pN nm−1, the estimated error is

σc =

√
2

n− 1
c = 0.0045 pN nm−1. (S4)

The fit results and the original data are shown in Fig. 3E in the main text, the fit parameters

are listed in Tab. S1.



TABLE S1. Fit parameters of power fits c(F ) = aF b + c0.

a b c0

Ndc80wt 0.022 1.03 0.025

Ndc80∆80 0.0038 2.21 0.017

Ndc80CHmut 0.0069 2.00 0.017

Ndc80P 0.027 0.98 0.010



II. MECHANICAL MT STIFFNESS
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FIG. S5. Model for the effective stiffness from MT unbending.

The model for the mechanical stiffness that follows from MT unbending is similar to the

PF model in the main text. In contrast to the PF, the MT does not have a spontaneous

curvature but its tip is lifted to a height h by the attached bead as sketched in Fig. S5. With

a force F that is applied in z-direction, the total energy is given by the sum of bending and

stretching energies:

EMT =

∫ L

0

(α
2

(θ̇(s))2 − F cos θ(s)
)

ds, (S5)

where s denotes the position along the MT, θ the local bending angle, L the length of

the free MT end (behind the fixed MT seed), and α = kBTLp the bending stiffness. The

configuration θ(s) that minimizes the energy under the constraint

h =

∫ L

0

sin θ(s) ds (S6)

satisfies the Euler-Lagrange equation

θ̈ =
F

α
sin θ − Fh

α
cos θ

θ�1
≈ F

α
θ − Fh

α
, (S7)

with a Largange-multiplier Fh, which corresponds to the force in u-direction that is necessary

to hold the MT tip at height h. With the boundary conditions θ(0) = 0 (due to the fixed

MT seed) and θ̇(L) = 0, the approximated equation is solved by

θ(s) =
Fh
F

(1− cosh(λs) + tanh(λL) sinh(λs)) , λ :=

√
F

α
, (S8)

Fh =
Fh/L

1− 1
λL

tanh(λL)
. (S9)

This results in the effective deflection

z =

∫ L

0

cos θ(s) ds ≈
∫ L

0

(
1− θ2(s)

2

)
ds

= L

[
1− h2

4L2

(
3

1− f(λL)
−
(
λL f(λL)

1− f(λL)

)2
)]

, f(x) :=
tanhx

x
.

(S10)



Finally, the effective stiffness of MT unbending is given by

c =

(
∂z

∂F

)−1

=
8
√
Fα

h2

(
1− f(λL)

)3

f ′(λL)
(
(3 + 2λ2L2) f(λL)− 3

)
+ 2λLf 2(λL)

(
1− f(λL)

) . (S11)

In the limit of strong forces (F � α/L2 ∼ 0.05 pN), this converges to

c ≈ 8L2

h2
√
α
F

3
2 . (S12)

There are two required parameters: the length L of the free MT end and the height h of

the MT tip. Typical MT lengths lay around L ∼ 5 µm. Given the bead diameter of 1 µm

and the distance between the surfaces of the coverslip and the bead (∼ 100 nm), the height

of the tip should not exceed h ≈ 500 nm. Fig. S6 shows the mechanical MT stiffness cMT

compared to and in series with the stiffness of n parallel Ndc80 complexes for L = 5 µm and

h = 500 nm. Though this choice of h provides a lower estimate (cMT ∝ h−2), the mechanical

MT stiffness is still too large, to have a significant influence.
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FIG. S6. (A) The mechanical stiffness of MT unbending (dashed line, L = 5 µm, h = 500 nm)

exceeds the stiffness of n parallel Ndc80 complexes (solid lines) and the measured wild type stiff-

nesses. (B) The dotted lines show the mechanical MT stiffness in series with n Ndc80 complexes.

The influence of the MT is not significant when cNdc � cMT.



III. PEG STIFFNESS

According to Oesterhelt et al. [S5], the extension–force relation of PEG is given by:

L(F ) = NS

(
Lplanar

e+β∆G(F ) + 1
+

Lhelical

e−β∆G(F ) + 1

) (
coth(βFLK)− 1

βFLK

)
+NS

F

KS

, (S13)

where ∆G(F ) = ∆G0−F (Lplanar−Lhelical). The used parameters are listed in Tab. S2. Ex-

cept NS, they are taken from Ref. [S5]. Fig. S7 shows the stiffness cPEG(F ) = (∂L(F )/∂F )−1

compared to and in series with the Ndc80 stiffness.

TABLE S2. Parameters of the PEG model.

Description Symbol Value

number of segments NS 45

bond length of the planar (trans-trans-trans) conformation Lplanar 0.358 nm

bond length of the helical (trans-trans-gauche) conformation Lhelical 0.28 nm

Kuhn length LK 0.7 nm

zero force free energy difference Gplanar −Ghelical ∆G0 3 kBT

segment elasticity KS 1.5× 105 pN nm−1
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FIG. S7. (A) The stiffness of n parallel PEG molecules (dashed lines) exceeds the Ndc80 stiffness

(solid lines) in most of the examined force range (F < 6 pN) and lies an order of magnitude

above the measured stiffnesses (∼ 0.1 pN nm−1). (B) The dotted lines show the stiffness of n

PEG molecules in series with n Ndc80 complexes. The influence of PEG is not significant when

cNdc � cPEG.



IV. WORM-LIKE CHAIN MODEL

To take into account a Ndc80 complex with possibly (semi)flexible arms, we model the

Ndc80 complex as two worm like chains (WLC) with persistence length Lp that are flexibly

connected. To run Monte Carlo (MC) simulations, we describe each WLC by a bead–spring

model [S6]: The Ndc80 arm ~a (~b) is discretized into Na + 1 (Nb + 1) beads, which are

connected by Na (Nb) springs each with rest length da (db) and stiffness ka (kb). The rest

lengths are defined by da = a/Na and db = b/Nb to be consistent with the observed Ndc80

arm lengths a and b. Given the extensions and directions of the springs as ~ai (~bj) with

i = 1...Na (j = 1...Nb), we find the total stretching energy

Estretch =
ka
2

Na∑
i=1

(
|~ai| − da

)2
+
kb
2

Nb∑
j=1

(
|~bj| − db

)2
. (S14)

The positions ~Am and ~Bn of the beads are given by

~Am = ~A0 +
m∑
i=1

~ai, ~Bn = ~B0 +
n∑
j=1

~bj, (S15)

where ~A0 = ~0 (the Ndc80 complex is fixed to the glass bead) and ~B0 = ~ANa . The glass bead,

which is modeled as a wall (see Fig. 2C in the main text), is described by the boundary

condition that each bead has to be located in the upper half space, i.e., for the z-components:

Am,z, Bn,z > 0 for each m,n. Each bead ~Am, ~Bn except ~A0, ~ANa = ~B0 and ~BNb
contributes

a bending energy which sums up to

Ebend =
Lp

βda

Na−1∑
m=1

(1− cosαm) +
Lp

βdb

Nb−1∑
n=1

(1− cos βn), (S16)

where αm (βn) is the angle between bonds m and m+ 1 (n and n+ 1):

cosαm =
~am · ~am+1

|~am||~am+1|
, cos βn =

~bn ·~bn+1

|~bn||~bn+1|
. (S17)

Finally, when a force F in z-direction is applied on the last bead, the total energy reads as:

E = Estretch + Ebend − FBNb,z. (S18)

In the MC simulation, we randomly choose a bead (i, j > 0) and suggest to move it in a

random direction for a constant distance s. If the move does not violate the boundary con-

dition, it will be accepted with probability min(1, exp(−β∆E)), where ∆E = Esugg − Eorig



is the energy difference between the suggested and the original configuration following

Eq. (S18). After a certain time of equilibration, we measure z = BNb,z and z2 after each

sweep (Na + Nb moves), and calculate the mean extension and its variance at the end of a

simulation. By repeating it for various external forces, we can record force–extension and

force–stiffness relations.

In our simulations, we used ka = kb = 1000 pN nm−1 to model the two Ndc80 arms as

nearly unstretchable. Moreover, we used the same discretization lengths da = db = 1 nm,

i.e., Na = 40 and Nb = 16.

Fig. S8 shows the stiffness–force relations for a single and for n = 5 parallel semiflexible

Ndc80 complexes with various persistence lengths Lp. The effect of semiflexibility on the

stiffness is negligible for realistic persistence lengths above 100 nm [S7].
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FIG. S8. Stiffness of a single (left) and n = 5 parallel (right) semiflexible Ndc80 complexes with

persistence lengths Lp. As a check of the MC simulations, we added the large persistence length

Lp = 1000 nm, which correctly resembles results of the FJC model (Lp =∞) according to Eq. (8)

in the main text.
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