Polymer models reveal how chromatin
modification can modulate force at the
kinetochore
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ABSTRACT A key feature of chromosome segregation is the ability to sense tension between
sister kinetochores. DNA between sister kinetochores must be packaged in a way that sus-
tains tension propagation from one kinetochore to its sister, approximately 1 micron away. A
molecular bottlebrush consisting of a primary axis populated with a crowded array of side
chains provides a means to build tension over length scales considerably larger than the stiff-
ness of the individual elements, that is, DNA polymer. Evidence for the bottlebrush organiza-
tion of chromatin between sister kinetochores comes from genetic, cell biological, and poly-
mer modeling of the budding yeast centromere. In this study, we have used polymer
dynamic simulations of the bottlebrush to recapitulate experimental observations of kineto-
chore structure. Several aspects of the spatial distribution of kinetochore proteins and their
response to perturbation lack a mechanistic understanding. Changes in physical parameters
of bottlebrush, DNA stiffness, and DNA loops directly impact the architecture of the inner
kinetochore. This study reveals that the bottlebrush is an active participant in building tension
between sister kinetochores and proposes a mechanism for chromatin feedback to the
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kinetochore.

INTRODUCTION

The centromere appears as the primary constriction in a condensed
mitotic chromosome. The surface of the centromere provides the
binding site for the kinetochore, while its interior domain is the site
of mechanical linkage between sister kinetochores. Correct bipolar
attachment of sister chromatids to the mitotic spindle leads to mi-
crotubule-based tension between sister kinetochores. Through
chromosome manipulation with calibrated microneedles, Nicklas
and colleagues established that tension at the kinetochore is the
primary source of information to ensure error-free chromosome
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segregation (Nicklas and Koch, 1969; Henderson and Koch, 1970; Li
and Nicklas, 1995).

The mechanism of mechanical linkage between sister centro-
meres has been attributed to cohesin, a ring-like protein complex
required for sister chromatid cohesion. In budding yeast, cohesin is
concentrated in a 30-50-kb region surrounding the point centro-
meres, known as the pericentromere, bounded by sites of divergent
gene transcription (Paldi et al., 2020). However, cohesin does not
reside between sister kinetochores when visualized in live cells.
Cohesin appears as a cylinder surrounding the central spindle be-
tween sister kinetochores (Figure 1B). Alternative models that do
not invoke cohesin as the primary means of mechanical linkage
within the centromere are required to reconcile the radial displace-
ment of cohesin relative to sister kinetochores.

Modeling the yeast pericentromere as a molecular bottlebrush
makes predictions that quantitatively match numerous experimental
observations. These include the 1) radial displacement and cylindri-
cal appearance of cohesin in metaphase, 2) the spatial segregation
of condensin and cohesin, 3) the fraction of off- (90%) and on- (10%)
spindle axis pericentric DNA, 4) the dynamics of pericentric DNA
spots labeled with the lacO system, and 5) the correlated motion of
DNA spots at different centromeres (Lawrimore et al., 2016, 2018).
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FIGURE 1: Simulated vs. experimental images of the pericentromeric region in metaphase in
budding yeast. (A) Schematic of the position of the kinetochore and centromere (red oval) and
pericentromere (DNA loops in yellow, cohesin in green, within large gray oval) of an individual
sister chromatid pair in metaphase (spindle pole [red/white ovals] and kinetochore microtubules
[yellow bar]). The schematic is derived from studies of the position of lacO arrays integrated
proximal to the centromere and the displacement of cohesin from the main spindle microtubule
axis. (B) Deconvolved image of the pericentromere from a live cell containing cohesin,
kinetochore, and spindle pole body proteins fused to fluorescent proteins (cohesin, Smc3-GFP;
kinetochore, Ndc80-mCherry; spindle pole, Spc29-RFP). In budding yeast, the 32 centromeres
(16 sister chromatid pairs) are clustered on the mitotic spindle in metaphase. The image depicts
barrel-shaped structure of cohesin (green) and pericentromere chromatin as they appear in a live
cell relative to separated sister kinetochores (inner red foci) and the spindle pole bodies (outer
red foci). Note that cohesin and the pericentromere surround the central microtubule spindle
(extending between the two spindle pole bodies) and extend laterally beyond the centromere
and kinetochore microtubules. The schematic is drawn to scale, with the entire length of the

spindle ~1.5 microns.

A molecular bottlebrush consists of a primary axis or loop, with
numerous side chains, or secondary loops (Figure 1A). This configu-
ration amplifies tension along the primary axis due to molecular
crowding of the side chains, providing a means to stiffen the centro-
mere over a micron length scale. In budding yeast, the point centro-
meres lie at the apex of the primary axis, where they interact with
kinetochores. The pericentromere subloops are the 30-50-kb region
flanking the point centromere surrounding the primary axis. Con-
densin lies along the spindle axis, where it extrudes DNA loops that
form the basis of the bottlebrush (Stephens et al., 2013a,b). Cohesin
acts as molecular slip links that diffuse to the thermodynamically fa-
vored position in the loop. Cohesin functions to compact the loops,
contributing to the mechanism of tension amplification along the
primary axis between sister kinetochores. The model quantitatively
predicts the radial displacement of cohesin from the sister kineto-
chore axis and its appearance as a barrel surrounding the central
spindle (Figure 1B) (Yeh et al., 2008) and provides the physical basis
for how pulling forces from the mitotic spindle are transmitted
through the centromere region between sister kinetochores.

The centromeres are attached to kinetochore microtubules via
the kinetochore (reviewed in Biggins, 2013; Dhatchinamoorthy
et al., 2017). Each kinetochore is a cylindrical structure 70 nm in
length and ~35 nm in diameter that encircles the plus end of micro-
tubule at one end (outer kinetochore) and is purported to taper to
the centromere-specific histone H3 variant, Cse4 (inner kinetochore)
at the surface of the centromere. Individual kinetochores from the
16 chromosomes are clustered in a ring-like structure due to the
cylindrical arrangement of kinetochore microtubules around the
central spindle (Winey et al., 1995; O'Toole et al., 1999) (Figure 2A).
Fluorescently labeled inner kinetochore proteins (Ame1, Cse4, cen-
tromere proximal) appear wider in a direction perpendicular to the
spindle axis than the outer kinetochore proteins (Haase et al., 2013).
The outer kinetochore proteins (microtubule proximal, i.e., Ndc80)
appear more compact than the inner proteins. Using artificial intel-
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ligence-assisted forward modeling of simu-
lated images, we were able to determine
the magnitude of radial displacement of the
inner kinetochore proteins observed in vivo.
Inner kinetochore complexes are displaced
25-50 nm from the spindle axis relative to
the outer components (Figure 2). The mech-
anism by which the inner centromere—proxi-
mal kinetochore complexes are offset from
the outer microtubule—proximal kinetochore
is not evident from the arrangement or dy-
namics of kinetochore microtubules.

The proximal relationship between peri-
centromeric loops and the inner kinetochore
is indicative of biochemical or mechanical
communication between these two macro-
molecular complexes. Experimental evi-
dence for mechanical linkage was obtained
through observations of cohesin and the in-
ner kinetochore following mild perturbation
of the mitotic spindle (Haase et al., 2012). At
low concentrations of benomyl the spindle
checkpoint machinery prevents the accumu-
lation of errors in chromosome segregation
and is permissive for cell growth (Pearson
et al., 2003). Under these conditions, the co-
hesin barrel and pericentric DNA loops ex-
pand to occupy a greater area, while chro-
matin-proximal kinetochore components exhibit the inverse trend
(Haase et al., 2012). The inner kinetochore components Ame1 and
Cse4 decrease in their width in a direction perpendicular to the
spindle axis (Haase et al., 2012). The cohesin expansion/inner ki-
netochore contraction are dependent on histone H2A phosphoryla-
tion by the Bub1 kinase.

Chromatin modification, including histone phosphorylation, is
known to influence the mechanical properties of chromatin, provid-
ing a means to account for the observed expansion/contraction
(Brower-Toland et al., 2005; Basu et al., 2021). The flexibility of the
chromatin fiber is defined by a parameter known as the persistence
length (Lp). Lyis the length scale over which the chain is stiff, math-
ematically when the tangent vectors along the monomer become
uncorrelated. Changes in L, have a direct effect on the chromatin
spring constant (k; = Kz T/Ly?). Increasing L, reduces the spring con-
stant and increases the area the chain occupies (Rq RZ2= NLPZ, where
Ry = radius of gyration and N = number of L, monomers), while de-
creasing L, increases the spring constant, decreasing the area oc-
cupied. The ability to tune the chromatin spring via histone modifi-
cations contributes to maintaining centromere tension throughout
cycles of microtubule growth and shortening and chromosome
oscillation.

To test whether changes in persistence length are a feasible
means to account for the magnitude and direction of inner kineto-
chore contraction following spindle perturbation, we employed a
polymer model of the budding yeast pericentromere (Lawrimore
et al., 2016). The model is based on the geometry of pericentro-
mere DNA loops and their thermodynamically favored states. In this
study, we determined whether increasing the stiffness of pericentric
chromatin in the simulation would result in lower tension at the cen-
tromere, alter the three-dimensional direction of the force at the
centromere, reduce chromatin motion of the loops, and expand the
cohesin barrel distribution. We find that increasing the persistence
length of pericentric chromatin is sufficient to recapitulate each of
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FIGURE 2: Schematic of ensemble of 16 budding yeast kinetochores (top) and individual
kinetochores (bottom). (A) The 16 kinetochores in the half spindle are clustered as a
consequence of the cylindrical arrangement of 16 kinetochore microtubules in metaphase (left).
The diameter of the cluster of 16 kinetochores is ~250 nm. End-on views (spindle perpendicular
to the page of view) illustrate the angular displacement of the inner kinetochore (Ame1) (middle)
and the contraction of the inner kinetochore following gentle spindle perturbation through
benomyl treatment (right). (B) An individual kinetochore is 70 nm in length from the Ndc80
microtubule binding module (colored rods surrounding microtubule plus end, left) to the
centromere-specific histone variant Cse4 (gray circles, right). Ndc80 is indicated as uniformly
distributed; however, not all molecules may be bound to microtubules (Yoo et al., 2018). There
are excess Cse4 molecules than can be accounted for by the single Cse4 nucleosome
incorporated at the 117-base-pair centromere DNA (Haase et al., 2013). (C) Upon benomyl
treatment, the inner kinetochore contracts in size, as indicated by the reduced area occupied by

the COMA complex (Ame1 in purple) (Haase et al., 2012, 2013).

the aforementioned observations, thus providing a simple mecha-
nism for lowering kinetochore tension upon disruption of mitotic
spindle integrity and resolving the paradox of the expansion of the
pericentric chromatin but contraction of the inner kinetochore
distribution.

RESULTS

Spindle perturbation disproportionally affects the inner
versus outer kinetochore

We implemented an automated analysis software pipeline, Cell-
StarSelect, in order to acquire, segment, and normalize images with
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no direct human measurement. To validate

e the method, we asked whether the results

5 recapitulate three prior observations that

e 1) the spindle length, as measured by the

distance between the two spindle pole foci

e (Spc4d2-mCherry) decreases (Figure 3, A and

B), 2) the spot width of inner kinetochore

0 protein Ame1 foci (Amel1-GFP), as mea-

sured by the full-width half maximum value

@ of a Gaussian distribution drawn perpen-

Q dicular to the spindle axis, decreases (Figure

e 3C), and 3) the spot width of the spindle

pole foci (Spcd2-mCherry) is not altered by

benomyl treatment (Figure 3D). The Cell-

StarSelect results confirm and extend the

observations made in Haase et al. (2012).

The schematic in Figure 2 illustrates the be-

havior of the ensemble of 16 kinetochores

(observed in the microscope) relative to an

individual kinetochore, which cannot be dis-

tinguished from one another in metaphase

due to their proximity (about 60 nm be-

tween kinetochores) and the diffraction limit

of the light microscope. The contraction of

the inner kinetochore is not accompanied

by a geometrical change of the outer kinet-

ochore (Haase et al., 2012). These findings

are indicative of forces that impinge specifi-
cally on the inner kinetochore.

The dominant feature of the bottlebrush
is the crowding of side chains that lead to
“stiffening” of the primary axis, providing a
mechanism to build tension despite the in-
herent floppiness of DNA/chromatin. The
side chains also exert a repulsive radial
force. The radial force is the tendency of the
chains to expand beyond their degree of
confinement around the spindle axis. The
most thermodynamically stable configura-
tion of DNA is a random walk with a radius
of gyration defined as Ry? = nb? (n = number
of segments and b = Kuhn length, or 2x L).
There is approximately 800 kb of DNA in
the bottlebrush. The radius of gyration for
800 kb of DNA is about 5 microns, or about
5x the radius of the budding yeast nucleus.
The radial force is the tendency for the
pericentric DNA loops to expand to the
5 micron radius of gyration and is predicted
to impinge on the structure of the inner
kinetochore.

The inner kinetochore Ame1-GFP foci were analyzed for changes
in total signal intensity and compaction (Figure 4). There was no
significant difference in the total signal integrated intensities (after
background subtraction; see Materials and Methods) of the Ame1-
GFP signal upon benomyl treatment (Figure 4A). The total signal
mean intensity (intensity per pixel) was significantly increased in cells
treated with 313 uM benomyl (Figure 4B). There was no significant
difference in the total mean intensity per volume (Figure 4C); how-
ever, the maximum intensity of a given kinetochore spot was found
to be significantly larger in cells treated with 313 pM benomyl
(Figure 4D). Thus, when cells were treated with 313 pM benomyl, a
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Increasing subloop size and increasing
chromatin stiffness both reduce force
on centromere masses in polymer
simulations
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FIGURE 3: Automatic foci analysis confirms that Ame1-GFP foci contract perpendicular to the
spindle axis. (A) Representative images of Ame1-GFP (green) and Spc42-mCherry (magenta).
(B) Violin plot of spindle length. (C) Violin plot of Ame1-GFP spot width (perpendicular to the
spindle axis). (D) Violin plot of Spc42-mCherry spot width. The n.s. indicates P value > 0.05,
the ** indicates P value < 0.05, the *** indicates P value < 0.001 by Kruskal-Wallis test. For
Untreated, n = 105; benomyl 68 uM, n = 49; benomyl 313 pM, n = 30. Scale bar = 1 micron.

subset of the total Ame1-GFP signal became more compact, result-
ing in a larger voxel intensity within the kinetochore foci. These ob-
servations are consistent with compaction of the inner kinetochore
distribution, rather than a loss of inner kinetochore protein signal.

Reduction in spot width of the inner kinetochore can be
reproduced by reducing the radial displacement of inner
kinetochores

We utilized a three-dimensional kinetochore simulator representing
the kinetochore as a 70 nm linear rod to distinguish mechanisms
of kinetochore responsiveness to microtubule perturbations
(Lawrimore et al., 2019). The interface of the StaticKinet MATLAB
application was used to generate simulated fluorescent images of
kinetochore models. This application allows users to generate cus-
tom three-dimensional models of the budding yeast mitotic spindle
and kinetochore complex. The angle of the rod relative to the ki-
netochore microtubule to which it is bound can be increased to
cause the inner kinetochore protein to become radially displaced
(Lawrimore et al., 2019). We created 100 simulated z-stacks of radi-
ally displaced kinetochore from 0 to 90° (Figure 5A). As expected,
the radial displacement of the kinetochore did not alter the spot
width of the simulated N-terminus of Nuf2, as that end of the kineto-
chore remained bound to the kinetochore microtubule (Figure 5B).
In contrast, the spot width of the simulated Ame1 foci increased
with larger displacement angles (Figure 5C). We compared the ex-
perimental mean spot widths of Ame1-GFP from untreated and 313
UM benomyl-treated strains and found that a decrease of 10° (from
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the pulling force on the centromeres,
we analyzed the motion of centromere
masses in simulations of the pericentro-
mere with different subloop sizes and chro-
matin bending stiffnesses. The centromere
masses are the beads at the apex of the
primary loop, proximal to the microtubule
plus ends (shown individually in Figure 1A,
and ensemble of 16 as observed in the mi-
croscope in Figure 6A). Pericentromere
loops have been estimated to range from
two to four loops in vivo (live cell modeling
[Stephens et al.,, 2013a]) to a single loop
~20 kb (ChIP [Paldi et al., 2020]) per chro-
mosome. We have used ChromoShake, a
three-dimensional simulator designed to
find the thermodynamically favored states
for given chromosome geometries to esti-
mate the number and size of the loops
(Lawrimore et al., 2016). Using model con-
volution to attain subpixel accuracy, we have shown that cohesin
and condensin are sensitive readouts of the number and displace-
ment of chromatin loops (Stephens et al., 2013b). Two to four 10-
kb DNA loops per sister chromatid predict the experimental ob-
servations of condensin and cohesin (Lawrimore et al., 2016).
Chromatin bending stiffness was measured as the persistence
length (Lp; see Materials and Methods). Ly reflects the length scale
over which tangent vectors at the ends of a monomer segment of
the polymer remain correlated and is linearly related to bending
stiffness (Rubinstein and Colby, 2003). The persistence length of
naked DNA is 50 nm (Hagerman, 1988). We determined the force
on the centromeres in simulations by measuring the displacement
of the masses composing the centromeres from their initial posi-
tions. Each centromere is composed of two monomers, each of
which experiences 100,000-fold more drag force than a typical
monomer unit in the body of the bottlebrush. The increased drag
force on the centromere masses is a surrogate for microtubule at-
tachment in vivo and effectively pins the pericentromere simula-
tions in space. The centromere masses are gradually pulled inward
as the simulation equilibrates. Increasing the size of the subloops
and increasing the persistence length of chromatin both resulted
in a drop in the force on centromere masses (Figure 6, B and C).
The drop in the force on centromeres in simulations with 10-kb or
larger loops was anticipated due to the bottlebrush force, gener-
ated by the steric repulsion of the subloops, causing an exten-
sional force on the chromatin (Panyukov et al., 2009a,b; Lawrimore
et al., 2016). The high variance in simulations with é-kb loops

68 uM 313 uM
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(Figure 7A). The axial force on centromere
masses was reduced by increasing both
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FIGURE 4: Benomyl treatment compacts the Ame1-GFP kinetochore foci. Violin plots of the
total signal integrated intensity (A), the total signal mean intensity (B), the total signal mean
intensity per cubic micron (C), and the kinetochore spot maximum intensity (D). The n.s.
indicates P value > 0.05, the ** indicates P value < 0.01, the *** indicates P value < 0.001 by
Kruskal-Wallis test. For Untreated, n = 105; benomyl 68 puM, n = 49; benomyl 313 uM, n = 30.

reflects a mechanism by which the network buffers variation intrin-
sic to any single loop. As the size of loops decreases (less than 10
kb) there is an increased chance that these loops will be devoid of
cohesin. When the loops are 10 kb or greater, there is an increas-
ing chance that they contain cohesin and therefore impact one
another, acting as shock absorbers for the chromatin. This constant
impact acts as a buffering force as variance in individual loops will
be resisted by the neighboring loops.

The drop in force on centromeres in simulations with increasing
persistence lengths is due to the chromatin becoming a weaker en-
tropic spring (Smith et al., 1996). As the persistence length increases,
there are fewer entropic states for the polymer to adopt, leading to
a weaker entropic spring (ks = kg T/L,?). Both increasing the subloop
size and increasing the persistence length resulted in a reduction in
the tension in the springs attached to the centromere masses (Figure
6, D and E) and a reduction in the tension in the springs of chromatin
within the main centromere loop (C-loop, all chromatin not in the
subloops) of each sister chromatid (Figure 6, F and G). These find-
ings are indicative of the molecular crowding provided by the pack-
ing of pericentromere DNA between the sister kinetochores and the
critical role for DNA loops in how tension is propagated over the
approximately 800-1000 nm between sister kinetochores. Any
model of the pericentromere must be accountable for this density of
loops.

Increasing chromatin stiffness, but not subloop size, reduces
radial force on centromeres

The treatment of budding yeast with low doses of benomyl results
in both the reduction of tension within kinetochores (Suzuki et al.,
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1 (Figure 7, B and C). Increasing loop size
reduces axial force due to reduced crowd-
ing of the chains (longer chains occupy a
greater volume). The disproportionate ef-
fect on the axial versus radial force reflects
this topological arrangement. Expansion
of the chains into a larger volume tends to
reduce the length of the primary axis of
the brush. Chain fluctuations orthogonal
to the primary axis occur (radial force) but
are dominated by overall shortening of the
primary axis. The radial force on centro-
meres was not significantly changed by in-
creasing loop size (Figure 7D) but was re-
duced by increasing chromatin stiffness
(Figure 7E). Moreover, the pulling force on
the kinetochore is reduced upon low-dose
benomyl treatment (Suzuki et al., 2016).
While increasing loop size had a modest
effect on the force, the stiffness of the
polymer has a much greater effect on the radial force applied to
centromeres.

* k%

Increasing chromatin stiffness recapitulates the reduction
of chromatin motion and expansion of pericentric cohesin
distribution
Increasing chromatin stiffness in ChromoShake simulations of the
pericentromere was sufficient to reduce the total and radial forces
on centromere masses, recapitulating the observations in Suzuki
et al. (2016) and Haase et al. (2012). Previous studies have shown
that yeast treated with low doses of benomyl also exhibit reduced
chromatin motion (Haase et al., 2012; Lawrimore et al., 2015) and
an expansion of the distribution of pericentric cohesion, referred to
as the cohesin barrel, perpendicular to the spindle axis (Haase
etal., 2012). Previous work using ChromoShake simulations of peri-
centric chromatin had shown that increasing loop size increased the
radial displacement of pericentric cohesin (Lawrimore et al., 2016).
To determine whether the small reduction in the motion of a 10-kb
LacO/Lacl-GFP array positioned 6.8 kb from CENXV upon benomyl
treatment (Lawrimore et al., 2015) could be recapitulated by in-
creasing loop size, we labeled the same pericentric simulations with
a simulated analogue of the 10-kb LacO/Lacl-GFP array. Increasing
the radial subloop size monotonically increased the motion of the
simulated 10-kb array (Figure 8A). Thus, increasing loop size did
not recapitulate the reduction in motion upon low-dose benomyl
treatment.

We applied the same 10-kb array labeling scheme to the sim-
ulations of pericentric chromatin with 10-kb radial subloops with
various simulated chromatin stiffness. We found that increasing

Force modulation at the kinetochore | 5
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Decrease in radial displacement of kinetochore is sufficient to replicate reduction in Ame1 spot width in
synthetic images. (A) Representative images of three-dimensional kinetochore and spindle pole body (SPB) simulations
with different radial angles. Scale bar is 1 micron. Box plots of simulated Nuf2 (B) and Ame1 (C) spot widths vs.
kinetochore angle from microtubule axis. Green and blue lines represent the mean spot width of untreated Ame1-GFP
and 313 pM benomyl-treated Ame1-GFP, respectively (as determined in Figure 3).

simulated chromatin stiffness initially increased the motion of
the 10-kb array, but the motion dropped in the simulation with
the largest polymer stiffness (L, = 500 nm) (Figure 8B). Thus, the
relationship between the 10-kb array’s motion and simulated
chromatin stiffness is nonmonotonic. The nonmonotonicity be-
tween the mobility of subloops and chromatin stiffness is reminis-
cent of recent findings in He et al. (2020). Implementation of
chromatin binding proteins and cross-linkers leads to a non-
monotonic relationship between mobility and chain stiffness in
silico. In contrast, increasing the simulated chromatin stiffness
monotonically increased the mean radial distance of the cohesin
complexes in the simulation (Figure 8C). Thus, an increase in
simulated chromatin stiffness can recapitulate the decrease in the
10-kb array’s motion and the increase in the length of the cohesin
distribution perpendicular to the spindle axis.
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DISCUSSION

In silico chromatin modification of the pericentromere
exerts force on the kinetochore

The kinetochore is a unique tension-sensitive coupling device that
links stiff kinetochore microtubules to floppy chromatin at the sur-
face of a condensed chromosome. How one structure integrates the
divergent stiffness between these two substrates into a signal that
accounts for the fidelity of chromosome segregation remains a mys-
tery. Visual inspection of the kinetochore reveals its ability to physi-
cally respond to various environmental perturbations (Haase et al.,
2012). Activation of the spindle assembly checkpoint (via Bub1 ki-
nase) stimulates the phosphorylation of histone (H2A) that manifests
in a contraction of the inner kinetochore, independent of the outer
kinetochore (Haase et al., 2012). This is the first indication of struc-
tural plasticity within the yeast kinetochore.

Molecular Biology of the Cell
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FIGURE 6: Increasing loop size and chromatin stiffness reduces pulling force on centromeres
and tension on chromatin springs in simulations. (A) Starting configuration of pericentric
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spindle axis in metaphase. The DNA is visualized as colored strands. Kinetochore microtubules
(green rods) are nucleated from the spindle pole body (red disk). The 16 kinetochore
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(indicated by white arrow) are the beads at the apex of the primary loop, representing the
117-base-pair centromere DNA sequence proximal to the kinetochore microtubule plus ends.
Centromere springs are the springs connecting the centromere masses to the beads defining
the pericentromere (pericentromere subloops). The C-loop springs are the springs along the
primary axis (aligned with the kinetochore microtubules) or alternatively, all chromatin springs
not in the orthogonal subloops. The sizes of the loops refer to the secondary loops orthogonal
to the spindle axis. The number of pericentromeric subloops is constant in simulation. The
length of the primary loop is determined from the distance between the cluster of sister
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In this in silico study, we find that chang-
ing properties of chromatin stiffness in the
pericentromere successfully recapitulates
several in vivo observations of kinetochore
behavior in response to microtubule per-
turbation. The contraction of the inner
kinetochore is assessed as a reduction in
the distribution of inner kinetochore
COMA components. The contraction of
the inner kinetochore can be quantitatively
simulated by decreasing the radial dis-
placement of the kinetochore (reducing
the angle of deflection relative to the mi-
crotubule axis; Figure 5). Radial kineto-
chore displacement could be driven by
outward-pushing forces from the com-
pacted pericentromeric chromatin. The ra-
dial force exerted by the pericentric chro-
matin is reduced when the chromatin
stiffness increases (chromatin persistence
length L,; Figure 7E). This counterintuitive
result makes sense in light of the proper-
ties of an entropic spring, such as DNA/
chromatin. The entropic spring force is in-
versely proportional to chromatin persis-
tence length (ks ~ KBT/LPZ; ks = spring con-
stant in N/nm, KgT = Boltzmann constant
[4.1 pN*nm], L, = persistence length in
nm). The longer the persistence length
(and therefore the increased length scale
over which chromatin is stiff), the fewer
available states for the random coil to
adopt. Less force is required to extend a
chain that has fewer available states, and
therefore the spring force decreases.

kinetochores (~800 nm) and is invariant in
simulation. The total length of the polymer
in the model is ~800 kb DNA (25 kb/
pericentromere x 2 sister strands x 16
chromosomes), dictated by the length of
the primary axis and size of the subloops.
Box plots comparing the force applied to
centromere masses in simulations with
various loop sizes but with a uniform
persistence length of 50 nm (B) and various
persistence lengths but with a uniform
subloop size of 10 kb (C). Box plots
comparing the tension on springs connected
to centromere masses in simulations with
various loop sizes (D) and persistence lengths
(E). Box plots comparing the tension on the
springs within the main centromere loops
(C-loop; all chromatin springs not within
subloops) in simulations with various loop
sizes (F) and persistence lengths (G). Both
DNA loop size and persistence length have a
significant effect on the force on centromere
mass, the tension on the springs connected
to the centromere masses, and the tension
on the C-loop springs (P value of Kruskal-
Wallis test < 0.01 for all).

Force modulation at the kinetochore | 7
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Increasing chromatin stiffness, not loop size, reduces radial force on centromere
masses in simulation. (A) Visualization of one pair of sister chromatid strands after equilibration
(15 million calculation time steps) highlighting the geometry of axial vs. radial force. White
arrowheads indicate centromere masses at the apex of the primary loop. White rings are
cohesin bound to sister chromatids. Axial dimension is parallel to the spindle axis and is the
Z-dimension in the simulation. The radial dimension is orthogonal to the Z-dimension.
Simulations in B-E are from the entire pericentromere composed of the 32 chromatids (Figure
6A). Box plots comparing the axial force in simulations with increasing subloop sizes (B) and
increasing chromatin persistence length (C). Box plots comparing the radial force in simulations
with increasing subloop sizes (D) and increasing chromatin persistence length (E). P values are

from a Kruskal-Wallis test.

The persistence length of naked DNA reflects the chemical
properties of the DNA chain. In chromatin, persistence length is
modulated by histone packing and posttranslational modification.
In vitro, DNA (cytosine methylation) and/or histone modification
(acetylation) have been shown to influence chain flexibility (Brower-
Toland et al., 2005; Ngo et al., 2016; Teng and Hwang, 2018). The
relationship of epigenetic modifications of histones to the DNA
mechanical code is further explored and generalized in Basu et al.
(2021). These studies establish precedence for histone modifica-
tion influence on DNA flexibility and provide a mechanical per-
spective on the role of epigenetic modification of the genome.
Histone H2A S121 modification through Bub1 kinase is therefore a
potential mechanism for altering chromatin stiffness. Increasing
loop stiffness decreased the pulling force overall on centromere
masses. This reduction of force in the simulation was observed in
both the decreased force exerted on the centromere beads (Figure
6C) and the stretching of the springs (increased tension) connect-
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Persistence Length (nm)

(He et al., 2020), it is possible to decrease
the motion of the array while increasing the
radial displacement of cohesin, that is, to go
from a stiffness of 200 nm to 500 nm. Given
the importance of posttranslational modifi-
cation of the tails of histone proteins, in par-
ticular the phosphorylation of histone H2A
at S121 in budding yeast via the Bub1 ki-
nase (Kawashima et al, 2010; Yamagishi
et al., 2010), it is possible that the effective
stiffness of pericentric chromatin can be bio-
chemically tuned by posttranslational modi-
fications of histones. This alteration of chro-
matin would then result in the tuning of
tension at the kinetochore, ultimately acting as a mechanism to halt
mitotic progression.

In vivo modulation of chromatin stiffness prevents
centromere mislocalization upon kinetochore microtubule
detachment

Upon loss of attachment or reduction in tension, the pericentric
chromatin is modified, reducing the probability that unattached
sister chromatids will mislocalize and lead to aneuploidy. In vivo
studies have shown that phosphorylation of histone H2A at S121
by Bub1 kinase is responsible for a change in the distribution of
the inner kinetochore components, COMA (Haase et al., 2012),
and is a key regulator of chromosome segregation (Kawashima
et al., 2010; Yamagishi et al., 2010; Nerusheva et al., 2014). In
addition, the C-terminus kinase domain of Bub1 and the centro-
mere protein Sgo1 are necessary for budding yeast cells to survive
spindle disassembly by the microtubule-depolymerizing drug

Molecular Biology of the Cell
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nocodazole (Fernius and Hardwick, 2007). Thus, modification of
the pericentromeric chromatin provides a mechanism to retain fea-
tures of the bottlebrush independent of the spindle apparatus.
Sister kinetochores remain bioriented due to the increased stiff-
ness of the bottlebrush, even in the absence of kinetochore micro-
tubules. Upon microtubule regrowth, cells are able to segregate
sister chromatids with sufficient fidelity to survive this perturbation.
Likewise, increasing chromatin stiffness can effectively dampen the
radial force and motion (Haase et al., 2012) of the chromatin to
prevent centromere mislocalization upon loss of kinetochore mi-
crotubule attachment. Thus, tuning the stiffness of chromatin at
the pericentric region can mitigate the sister chromatid detach-
ment from kinetochore microtubules until the opportunity to reat-
tach arises. Chromatin-dependent tension demonstrates the criti-
cal importance of chromatin organization in the pericentric region
and provides a novel perspective on tension generation and mod-
ulation at the centromere.

Chromatin-dependent tension model

The pericentric region has been considered a spring with one-di-
mensional tension. However, the highly looped bottlebrush model
of the pericentric region simulated in this study (Figure 6A) demon-
strates that a significant amount of force is exerted by the pericen-
tromere as a consequence of the density and molecular crowding of
the chromatin subloops. The tendency for loops to explore addi-
tional degrees of freedom results in a significant radial pulling force
on the centromeres. Current models of sister chromatid biorienta-
tion invoke pulling forces from the kinetochore and spindle microtu-
bules balanced by cohesive forces between sister chromatids. The
polymer simulations herein offer an important addition to the current
model. The highly looped nature of the pericentric bottlebrush pos-
its that pericentric chromatin between sister kinetochores generates
an entropic force. This entropic force can feed back to the kineto-
chore via radial contraction of the inner kinetochore components.

In the model, the sites of kinetochore microtubule attachment
are pinned in place via centromere masses (i.e., the 117-base-pair
site-specific centromere) with a large drag force (Lawrimore et al.,
2016). The simulated chromatin is initialized at its equilibrium length
in metaphase. Reptation of the pericentric chromatin alone is suffi-
cient to generate 5-10 pN at centromere masses (Figure 6), a force
range consistent with previously reported forces at centromeres/ki-
netochore in budding yeast (Akiyoshi et al., 2010; Chacon et al.,
2014). In simulation, the tension comes not from propagation of
tension via pulling force through the chromatin that is resisted by
cohesin complexes but from the entropic spring-like properties of
chromatin. The extended and crowded chromatin organization in
our simulations both pulls inward and expands outward due to the
entropic spring force and the molecular crowding of subloops. Thus,
the extended and crowded organization of pericentric chromatin
can generate sufficient tension to satisfy the spindle assembly
checkpoint. These forces are dependent on the packing of DNA
loops and the stiffness of the chromatin chain.

MATERIALS AND METHODS

Budding yeast strain growth and benomyl treatment
Budding yeast strain KBY6397 was constructed from parent strain
YEF473A (Bi and Pringle, 1996). A transforming PCR product was
generated with homology to the C-terminus of Spc42 using the
primers CTGAAAATAATATGTCAGAAACATTCGCAACTCCCACTC
CCAATAATCGAcggatccecgggttaatta and CGTTTACGCCATTCCA-
TTGGAACCGCAGATTGCTAGTACTATATCGTCAAgaattcgagcte-
gtttaaac with pFAba-mCherry:NAT as a template to generate strain
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JLY1075.1. A transforming PCR product was generated with homol-
ogy to the C-Terminus of Ame1 using the primers CGGACTTCT-
GAAAAAGATAAATAAAATTAATGAAAATCTTTCTAACGAATTA-
CAACCAAGTCTAcggatccccgggttaattaaand GTGCATATCTATGAA-
GTATGTCTACCACATAAAAATGACCTTATAACACAACTTCCTTAG-
TATGGgaattcgagctegtttaaac with pFA6a-GFP:KAN as a template to
generate KBY6397. The strain was grown at 24°C in yeast extract,
peptone, and dextrose (YPD). For benomyl treatment, a volume of
10 mg/ml stock of benomyl in dimethyl sulfoxide was added directly
to a liquid YPD culture of log-phase budding yeast to a final concen-
tration of either 68 or 313 pM. Cells were incubated at 24°C for
45 min before imaging. Budding yeast strain KBY8022 (Figure 1B)
was described in Yeh et al. (2008).

Budding yeast imaging

Immediately prior to imaging, yeast nitrogen base, casamino acids,
uracil, tryptophan, and adenine (YPD) cultures were washed with YC
complete + 2% filter sterile glucose and resuspended with YC com-
plete + 2% filter sterile glucose. Yeast treated with benomyl were
washed and resuspended with the YC complete + 2% filter sterile
glucose with the same concentration of benomyl contained in the
growth culture. Yeast were placed directly on glass coverslips and
on glass slides. Coverslips were sealed with VALAP (equal parts
Vaseline, lanolin, and paraffin). Imaging was performed at room
temperature (25°C) using an Eclipse Ti wide-field inverted micro-
scope (Nikon) with a 100 x Apo TIRF 1.49 NA objective (Nikon) and
Clara charge-coupled device camera (Andor) using Nikon NIS Ele-
ments imaging software (Nikon). Images were acquired using the
Scan Large Image program. Forty-nine z-stacks of seven z-steps with
step size 300 nm were taken. At each interval a seven-step z-stack of
200-nm step size was acquired in the GFP (600 ms exposure), RFP
(600 ms exposure), and Trans (25 ms exposure) channels. GFP, RFP,
and Trans images were acquired before shifting Z position. All im-
ages were acquired from cells in the metaphase stage of the cell
cycle, defined by the presence of a 1.2-1.7 ym spindle.

Image processing and analysis
Fluorescent image deconvolution was performed using Huygens
Essential (Scientific Volume Imaging, Hilversum, The Netherlands).
Individual multipage TIF files were aggregated and processed
for CellStar bud segmentation (Versari et al., 2017). The custom
MATLAB function tileProcess.m aggregates the multipage TIF files
into multipage TIF files for each channel, GFP, RFP, and Trans. The
Trans channel contains only the middle focal plane image. The
tileProcess.m produces a median intensity projection image for the
background subtraction image that is passed into CellStar. A cus-
tom MATLAB program, batchSelection.m, runs CellStar to segment
the buds from the Trans images, applies the segmentation masks to
the GFP and RFP channels, filters the GFP/RFP segments to include
only images with two foci that meet a specified signal-to-noise ratio.
The code utilizes the function advPointSourceDetection.m (Cicco-
net et al., 2017), which was developed based on code developed by
Francois Aguet (Aguet et al., 2013). The custom MATLAB function,
spotHeightStructure.m, was called on the MAT-files produced by
batchSelection.m to filter cells by kinetochore position relative to
spindle pole bodies, foci intensity distribution, and to remove im-
ages with fuzzy signals. The width of the foci was measured by crop-
ping a 7 x 15 pixel (width by height) region, 451.5 x 967.5 nm, from
segmented images that were rotated to align the spindle pole bod-
ies to the horizontal axis. The cropped region was sum projected
across the width to produce an array of 15 integrated intensity val-
ues. These values were fitted to a Gaussian using MATLAB's nonlin-
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ear least squares method of MATLAB's fit function. The full-width-
half-max (FWHM), o* 2.355, of the fitted Gaussian curve was
calculated for all foci. The distributions of Ame1-GFP foci heights
and Spc42-mCherry foci heights were filtered by iteratively applying
MATLAB's isoutlier function until no outliers were detected. The
isoutlier function labels observations that are more than three scaled
median absolute deviations from the median. The MATLAB code to
run the above analysis can be found at https://github.com/jlaw8504/
CellStarSelect.

The intensity measurements of the Ame1-GFP foci were per-
formed using the custom MATLAB program intensity_quant.m. This
program parses imaging data stored in MAT files from the Cell-
StarSelect program. Images of Ame1-GFP foci segmented from
background noise and the intensity values were background sub-
tracted using MATLAB's multithresh.m function based on Otsu’s
thresholding (Otsu, 1979). The number and intensity values of
Ame1-GFP foci were used to calculate the integrated intensity of
foci, the mean intensity of foci, the mean intensity per cubic micron,
and the maximum intensity value per voxel per foci. The intensity_
quant.m program is found at https://github.com/BloomLabYeast/
radial_tension/tree/main/Figure3_ame1_compression.

KineticButShakeless synthetic image generation and
analysis

The custom MATLAB application KineticButShakeless (https://
github.com/BloomLabYeast/KineticButShakeless) was used to cre-
ate simulated images of kinetochore proteins by interfacing with
Microscope Simulator 2 (Quammen et al., 2008). The entire kineto-
chore complex is simulated as a 70-nm-long vector. The number of
vectors and their orientations in three-dimensional space can be
specified by the user (Lawrimore et al., 2019). The synthetic images
were analyzed using a modified version of CellStarSelect pipeline
that did not require bud segmentation (https://github.com/
jlaw8504/CellStarSelect/tree/Zach).

ChromoShake polymer simulations

ChromoShake centromere models with various subloop sizes were
generated using chromoShake_make_spindle.cpp (Lawrimore
et al., 2016). Note that the MSI installer of ChromoShake does not
contain the loop_expansion flag tag. Download source code (http://
bloomlab.web.unc.edu/wp-content/uploads/sites/11326/2016/01/
Source_code.zip) and compile for version of chromoShake_make_
spindle.cpp with ability to alter radial subloop size. To generate
simulations with various polymer stiffnesses, the default centromere
simulation was produced using chromoShake_make_spindle.cpp
and all hinge forces were replaced in the resulting configuration file
with hinge forces corresponding to persistence lengths of 500 nm,
hinge force value of 4.0715 x 107"", and 200 nm, hinge force value
of 1.6286 x 107", The hinge forces were deleted from the configura-
tion file to generate a simulation with a persistence length of 5 nm.
In the simulation, beads are separated by 10 nm. The distance over
which two monomer units within a polymer move independently is
two times the persistence length. Thus, no hinge forces correspond
to a persistence length of 5 nm.

ChromoShake tension analysis

Tension on centromere masses was measured by calculating the
change in distance between sister centromere masses over time and
calculating the force required to move the centromere beads at the
measured velocity. Centromere masses in the simulation have 10°
higher viscosity applied to them than other beads, effectively pinning
them in space. However, the centromere masses were observed to
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move over time. This drag-based analysis was performed using the
custom MATLAB pipeline end_to_end (all code on GitHub at https://
github.com/BloomLabYeast/radial_tension/tree/main/end_to_endl).
An alternative method to measure tension in ChromoShake simula-
tions is to monitor the extension of the Hookean springs joining the
masses. This analysis was performed using the custom Python code
TensionSim (https://github.com/jlaw8504/chromoSnake/tree/tension).
Demonstrations of how to use TensionSim are available in the Jupy-
ter Notebooks found here: https://github.com/BloomLabYeast/
radial_tension/blob/main/tensionSim_persistence_lengths.html and
https://github.com/BloomLabYeast/radial_tension/blob/main/
tensionSim_persistence_lengths.ipynb

ChromoShake MSD and cohesin radial displacement

The mean squared displacement of a simulated 10-kb lacO/Lacl-GFP
array were calculated using the published bead position files (Lawri-
more et al, 2016) at (http://bloomlab.web.unc.edu/wp-content/
uploads/sites/11326/2016/01/MSD_scripts.zip) and the coordinate_
summary.cpp program. The coordinate summary CSV files were im-
ported into MATLAB using the custom MATLAB function parse_co-
ord_summary.m. The mean squared displacement curves were
calculated using the custom MATLAB program equib_msd_
summary.m, where the first 1000 printed time points (0.01's, 2 ns per
calculation, and 5000 calculations per printed time step) were ex-
cluded to allow for the simulation to equilibrate. The source code can
be found here: https://github.com/BloomLabYeast/radial_tension/
tree/main/msd_analysis_size. The radial displacement of cohesin
was calculated using the program cohesin_summary.cpp (Lawrimore
et al, 2016) with the cohesin_src.txt file (https://github.com/
BloomLabYeast/radial_tension/blob/main/cohesin_src.txt) that spec-
ifies the cohesin masses in the default centromere simulation pro-
duced by chromoShake_make_spindle.cpp.

Code availability
All code will be published to a GitHub repository upon publication.
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