
OPINION SUBJECT COLLECTION: EXPLORING THE NUCLEUS

Shaping centromeres to resist mitotic spindle forces
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ABSTRACT
The centromere serves as the binding site for the kinetochore and is
essential for the faithful segregation of chromosomes throughout cell
division. The point centromere in yeast is encoded by a ∼115 bp
specific DNA sequence, whereas regional centromeres range from
6–10 kbp in fission yeast to 5–10 Mbp in humans. Understanding
the physical structure of centromere chromatin (pericentromere in
yeast), defined as the chromatin between sister kinetochores, will
provide fundamental insights into how centromere DNA is woven into
a stiff spring that is able to resist microtubule pulling forces during
mitosis. One hallmark of the pericentromere is the enrichment of the
structural maintenance of chromosome (SMC) proteins cohesin and
condensin. Based on studies from population approaches (ChIP-seq
and Hi-C) and experimentally obtained images of fluorescent probes
of pericentromeric structure, as well as quantitative comparisons
between simulations and experimental results, we suggest a
mechanism for building tension between sister kinetochores. We
propose that the centromere is a chromatin bottlebrush that is
organized by the loop-extruding proteins condensin and cohesin. The
bottlebrush arrangement provides a biophysical means to transform
pericentromeric chromatin into a spring due to the steric repulsion
between radial loops. We argue that the bottlebrush is an organizing
principle for chromosome organization that has emerged from
multiple approaches in the field.

KEY WORDS: Bottlebrush, Centromere, Mitosis, Polymer models,
Kinetochore

Introduction
The centromere is the primary constriction in a condensed mitotic
chromosome and is the binding site for the kinetochore complex
(Musacchio and Desai, 2017). Sister chromatids are mechanically
linked through the centromere, but the exact nature of this
mechanical linkage remains poorly understood. However, the
importance of the topological organization of this region during
mitosis throughout eukaryotic evolution is well established. Correct
bipolar attachment of sister chromatids to the mitotic spindle leads to
microtubule (MT)-based tension between sister kinetochores.
Centromere tension, which can be visualized by light microscopy
as centromere stretching (Maresca and Salmon, 2009; Pearson et al.,
2001; Waters et al., 1996), arises when microtubules attached to
sister kinetochores shorten, exerting a pulling force on the
centromere. The kinetochore complexes that are bound to sister
chromatids are mechanically linked through the centromere DNA.
The kinetochore is composed of ∼100 different proteins, organized
into five to six major complexes (Biggins, 2013; Musacchio and
Desai, 2017). Using quantitative light microscopy and in vivo

two-color fluorescence microscopy, the protein stoichiometry
and architecture of the yeast kinetochore has been determined at
nanometer resolution (Joglekar et al., 2009, 2006). The geometry of
the core structure proved to be remarkably similar to that found in
mammalian kinetochores, indicating that kinetochore structure is
conserved in eukaryotes (Joglekar et al., 2009, 2006; Kukreja et al.,
2020;Wan et al., 2009; Lawrimore et al., 2011). There has also been
significant progress in mapping the tension-sensitive linkages
within the stiff kinetochore that endow it with exquisite sensitivity
to translate the critical information provided by tension to cell cycle
progression (Joglekar and Kukreja, 2017; Musacchio and Ciliberto,
2012; Salmon and Bloom, 2017).

Despite the conserved kinetochore structure, there is striking
diversity in centromere organization. Centromere DNA spans
several orders of magnitudes throughout evolution, ranging from
the 120 base pair point centromeres in budding yeast to the several
megabases of the regional centromere in human centromeres
(reviewed in Talbert and Henikoff, 2020; Miga and Sullivan,
2021; Mellone and Fachinetti, 2021) (see Box 1). The point
centromere is the site of kinetochore assembly, while kinetochores
assemble on only a small fraction of the mass of DNA in a regional
centromere (Box 1). Strikingly, the apparent disparity in DNA size
belies the highly conserved distance between separated sister
kinetochores in organisms as diverse as yeast, worms, flies, flower
moths, plants, horses and humans (800 to 1000 nm; see Box 1 and
table therein) (Lawrimore and Bloom, 2019).

This Opinion will highlight the recent advances in the function of
the centromere DNA during mitosis, with the aim of deducing the
organizational physical principles that confer centromeres with the
ability to withstand MT-based forces.

Forces on the centromere
The mitotic spindle comprises MTs that extend between the twoMT-
organizing centers, or spindle poles (polar MTs). MTs are dynamic
polymers that undergo cycles of growth and shortening, termed
dynamic instability (Mitchison and Salmon, 2001). Kinetochores
capture MTs (kinetochore MTs) and continue this process until
kinetochores and their sister chromatids become oriented between the
two spindle poles. As MTs remain dynamic, centromeres stretch in
response to phases of MT growth and shortening (Maresca and
Salmon, 2009; Pearson et al., 2001; Waters et al., 1996). Incorrect
monopolar attachment, where only one of the sister kinetochores is
attached, does not lead to centromere tension. In a classic series of
elegant micromanipulation experiments with grasshopper
chromosomes and force-calibrated needles performed half a century
ago, it was established that MT attachments to kinetochores are
unstable unless the kinetochore is under tension (Henderson and
Koch, 1970; Nicklas, 1988; Nicklas and Koch, 1969). Subsequent
work with phosphorylation-sensitive probes revealed that tension is
monitored within the kinetochore (Nicklas et al., 1995), laying the
groundwork for the site of action of the spindle assembly checkpoint.
Moreover, a lack of tension at the kinetochore delays continuation of
mitosis, giving cells time to correct chromosome attachment defects
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before anaphase (Li and Nicklas, 1995). Thus, tension at the
kinetochore is a primary source of information to ensure error-free
chromosome segregation (Henderson and Koch, 1970; Li and
Nicklas, 1995; Nicklas and Koch, 1969).
To create tension, kinetochore MT-based pulling forces from one

spindle pole must be balanced by opposing forces from kinetochore
MTs originating from the other spindle pole. The centromere is the
mechanical link between sister kinetochores. Based on the change
in distance between sister kinetochores as a function of MT growth
and shortening, the centromere operates as a mechanical spring.
Insight into the structure and function of the centromere spring
was enabled with the ability to visualize specific DNA foci in live
cells (Robinett et al., 1996; Straight et al., 1996). A segment of the
centromere was visualized through the insertion of the lac operator
sequence from bacteria (lacO) bound to lac repressor fused to GFP
(LacI–GFP), generating so-called fluorescent reporter operator
spots (FROS). Sister centromere FROS are dynamic, exhibiting
cycles of separation and recoil (Goshima and Yanagida, 2000; He
et al., 2000; Pearson et al., 2001; Tanaka et al., 2000). By using
imaging and quantitative approaches, the spring-like property of the
centromere has been found to be tunable and to undergo a
mechanical maturation process in metaphase (Harasymiw et al.,
2019; Mukherjee et al., 2019; Stephens et al., 2011). Forces can be
inferred from the thermal fluctuation of the DNA polymer (Chacon
et al., 2014; Lawrimore et al., 2015; Verdaasdonk et al., 2013).
Using simplifying assumptions such as measuring the spring
constant of an optical trap, the spring constant (ks) can be inferred
from the variance in FROS fluctuations (ks=kBT/variance: kB,
Boltzmann’s constant; T, temperature). A recent study manipulated
MT-based motors and MT-binding proteins to demonstrate that
centromere tension is calibrated to MT-based pulling forces
(Mukherjee et al., 2019).
However, a major question remaining is how the centromere

spring is built and maintained. In contrast to the stiff kinetochore,

chromatin is compliant and heterogeneous in its mechanical
properties (Kruithof et al., 2009). There are 2 m of DNA in a
mammalian cell nucleus (∼5 µm in diameter) and 5 mm of DNA in
a yeast cell nucleus (∼2 µm in diameter). The amount of force
generated by a mitotic spindle is on the order of piconewtons (10-12

Newtons) (Jannink et al., 1996; Nicklas, 1983), whereas the amount
of force required to extend DNA to 70% of its B-form length is in
the range of merely femtonewtons (10-15 Newtons) (Bloom, 2008;
Bustamante et al., 1994; Marko and Siggia, 1995). Therefore, 3 kb
of DNA will extend to 700 nm with femtonewtons of force, while
the centromere spring must be able to resist up to piconewtons of
MT-based forces. Thus, were DNA itself to be the spring, there
could only be a few thousand base pairs between sister kinetochores.
Considering we can introduce 10 kb of lacO DNA (FROS) into the
centromerewith little consequence on spring function, there must be
a higher order organizing principle governing the properties of the
spring. The question becomes how is tensile stiffness generated with
a ‘floppy’ chromatin substrate? Moreover, how is the centromere
tuned and how does it mature during mitotic onset?

Centromere structure
Elucidating centromere biology from its sequence in organisms with
regional centromeres has proven challenging due to the difficulty
in assembling accurate sequence reads through megabases of
DNA repeats. In addition, deducing the higher-order structure of
centromeres was challenging owing to the disorder that is inherent in
kilo- to mega-base pairs of chromatin. The sequencing challenge has
largely beenmet with innovation in alignment algorithms, read-depth
and ultra-long-read sequencing efforts (Miga et al., 2020).
Likewise, there has been a revolution in our understanding of the
higher-order structure and organization of chromosomes in the
past decade. Several recent approaches (3C, Hi-C, ChromEMT and
super-resolution microscopy) have revealed that a chromosome is a
disordered array of loopy fibers that emanate from an axial core

Box 1. Centromere diversity
Centromere DNA varies in size from 0.1 to thousands of kilobase pairs
depending on the species (see table). Point centromeres (0.1 kbp) are the
site of kinetochore assembly in budding yeast (Bloom and Carbon, 1982),
whereas in regional centromeres, only a fraction of centromere DNA
interacts with the kinetochore complex (Cleveland et al., 2003). Arrows in
the table denote regions of hierarchical DNA repeats in regional
centromeres. In contrast to the variance in centromere DNA size (in kb)
across phylogeny, the distance (in microns) between sister kinetochores is
remarkably conserved [in budding yeast, S. cerevisiae (Lawrimore et al.,
2016; Yeh et al., 2008); worm, C. albicans (Maddox et al., 2006); fission
yeast, S. pombe (Ding et al., 1993); fly, D. melanogaster (Venkei et al.,
2012); and human,H. sapiens (Salmon et al., 1976)]. Furthermore, the area
between sister kinetochores in budding yeast (2πrh ≈0.6 μm2) is

comparable to estimates of the size of mammalian kinetochores
(≈0.4 μm2) (Cherry et al., 1989). The region flanking the point centromere
in budding yeast has a threefold enrichment in cohesin and condensin. This
region, denoted as pericentromere (indicated in red in the table), spans
∼30–50 kb surrounding the centromere, bounded by sites of convergent
gene transcription (Paldi et al., 2020). The total amount of pericentromeric
chromatin in metaphase in budding yeast is ∼1–1.6 Mbp (16
chromosomes×30–50 kbp×two sister strands), comparable to the 1–5
Mbp lengths of α-satellite DNA in a mammalian centromere. The
mammalian centromere is therefore structurally analogous to the yeast
centromere (125 bp) and flanking pericentromere (30–50 kb/chromosome).
In mammals, the pericentromere is defined as the chromatin region flanking
the primary constriction (i.e. centromere) (Cleveland et al., 2003), and is
distinct from the yeast pericentromere described herein.

Centromere size and kinetochore separation from fungi to human

Centromere DNA size Schematic of point versus regional centromere Kinetochore separation in mitosis

S. cerevisiae 0.125 kb 800 nm

C. albicans 3–4 kb
∼800 nm

S. pombe 10 kb
∼1000 nm

D. melanogaster 200–500 kb ∼1000 nm
H. sapiens 500–1500 kb ∼1000 nm
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(Dekker et al., 2013; Dostie and Bickmore, 2012; Ou et al., 2017).
The hierarchical models of chromosome folding, building from
11 nm beads on a string (nucleosomes) to 30 nm solenoids and
higher-order fibers are not borne out in recent 3D and live-cell studies
(Ou et al., 2017). In the 1970s, Paulson and Laemmli observed DNA
loops in chromosome spreads of isolated mammalian cells; in
metaphase, these loops emanate from a protein-rich chromosome
scaffold (Paulson and Laemmli, 1977). Subsequently, the
chromosome scaffold was found to be enriched in strand passage
enzymes, such as topoisomerase II and the structural maintenance of
chromosomes (SMC) proteins condensin and cohesin (Earnshaw
et al., 1985; Hirano, 2006). SMC proteins assemble into multi-
subunit complexes that adopt a ring-like conformation. The backbone
of the ring is formed by the SMC proteins themselves (MukB in
bacteria; Smc2 and Smc4 in Saccharomyces cerevisiae condensin,
and Smc1 and Smc3 in S. cerevisiae cohesin). In eukaryotes, the
SMC monomer is folded in an antiparallel coiled coil. Two
monomers associate to form a hinge at one end, and an ATP-
binding-domain at the other end. Closure of the ring at the head
domain is carried out by proteins known as kleisins, including Scc1
(also known as Mcd1) and Brn1. Each dimer is associated with
additional proteins, for example, Ysc4, Ycg1, Scc3 (also known as
Irr1), Rad61 and Pds5, at the head domain to form a functional
complex in vivo. In bacteria, the SMC coiled coils are bound by ScpA
and ScpB (Mascarenhas et al., 2002).
DNA loops are tethered at their base to the condensin-enriched

chromosome scaffold. Loops are a natural consequence of the
entropic fluctuations and excluded-volume interactions of tethered
polymer chains in a confined space, such as the 5 mm long DNA in
the 2 µm yeast nucleus (Vasquez et al., 2016). In addition, energy-
requiring processes are also involved in loop formation. Indeed,
SMC proteins, which bind and hydrolyze ATP, have been shown to
have loop-extrusion potential (Alipour and Marko, 2012).
Moreover, condensin has garnered attention based on recent
reports that it is a DNA translocase (Terakawa et al., 2017). Early
single-molecule manipulation experiments found condensin to be
capable of compacting DNA (Strick et al., 2004), presaging recent
efforts demonstrating the ability of condensin to extrude loops
(Ganji et al., 2018; Kong et al., 2020). The extrusion rate is highly
sensitive to force such that sub-piconewton forces are sufficient to
stall the process (0.4 pN) (Ganji et al., 2018; Kong et al., 2020;
Strick et al., 2004). To provide a frame of reference for the ‘strength’
of loop extrusion, the extrusion stall force is well below that required
to unwind nucleosomal DNA (2 pN) (Yan et al., 2007). Thus, any
higher order looping configuration is poised for remodeling when
challenged with enzymes that can displace nucleosomes.
Long chain polymers such as chromosomes are challenging to

model due to the wide range of length and time scales involved in
their dynamics, as well as the vast number and variety of polymer
configurations (Underhill and Doyle, 2004). The large number of
configurations contributes significantly to the entropy and is the
basis for the entropic spring-like behavior of DNA. Forces acting on
chromosomal DNA to deform it in any way are constantly working
against an entropic restoring force that is characteristic of polymeric
systems. Even with robust algorithms for chromosome behavior, the
complexity in the models must necessarily be reduced compared
to what is observed in vivo. The dynamics of chromosomes
can be modeled using a bead-spring polymer model where the
chromosomes are represented by interacting beads connected via
springs as described by a worm-like chain (WLC) force law (Marko
and Siggia, 1995). Representing the restoring force with springs and
modeling the polymer as a bead-spring chain has proven invaluable

to understanding chromosome behavior (de Gennes, 1979; Doi and
Edwards, 1986; Goloborodko et al., 2016; Mirny, 2011). These
polymer models do remarkably well in capturing the large-scale
folding and organizational principles derived from population
studies (Lawrimore et al., 2016, 2017a; Verdaasdonk et al., 2013),
as well as dynamic changes upon transcriptional activation, DNA
damage and sequestration of the rDNA into the nucleolus
(Bystricky et al., 2004; Dekker and Misteli, 2015; Dion and
Gasser, 2013; Lawrimore et al., 2017a, 2021).

A second impetus for implementing polymer models is building
intuition in an environment foreign to our own. We generate
intuition based upon our observations. Unfortunately, the world we
live in (inertia dominated) is completely inappropriate for the
viscosity-dominated world at the scale of the cell. Chromosome
motion is also counter-intuitive. While we can readily understand
the random walk of an individual, it is much more difficult to
conceptualize that walk when we are watching an individual (i.e. a
gene) that is but one of thousands of individuals (genes) linked
together in a long chain chromosome polymer. An example that
emphasizes the counter-intuitive aspect of long chain polymers is
the segregation of polymers from one another in a confined space
(Jun and Mulder, 2006). The entropic penalty of strand mixing in a
small space is sufficient to drive two polymers apart from one
another. A second example is the generation of loops by a
translocase walking along a floppy substrate (Lawrimore et al.,
2017b; He et al., 2020). A simple steppingmotor will generate loops
if stepping is not restricted to the linear order of beads but rather to
the spatial relationship of beads in the chain. The predictions from
these models, while counterintuitive, provide simple explanations
for substantial biological concepts.

To maximize the utility of the bead-spring models, we translated
the models into experimental images (Gardner et al., 2010;
Quammen et al., 2008). We computationally marked individual
beads of the chain as fluorescent and spread the light from those
beads using a defined algorithm as it passes through an objective
(point spread function). This enables direct comparison of the
model to microscope images of live cells (Quammen et al., 2008). In
this way, the models described below provide a means to build
intuition based on the behavior of polymers in a highly viscous
environment, which is subject to thermal and entropic forces that are
otherwise very difficult to interrogate. This approach further allows
us to explore a range of model parameters and distinguish among
multiple hypotheses (Hult et al., 2017; Lawrimore et al., 2016;
Stephens et al., 2013b,c).

Centromere cohesion
The tensile strength of centromeric chromatin is dictated in large
part by cohesin and condensin (Lawrimore et al., 2018, 2015).
Because cohesin holds sister chromatids together, it was initially
assumed that cohesin-based tethers were responsible for resisting
outward MT-pulling forces (Michaelis et al., 1997; Nasmyth and
Haering, 2009) (Fig. 1). Cohesin (Smc1 and Smc3) is essential for
nuclear division (Strunnikov et al., 1993), and loss of function
alleles lead to precocious separation of sister chromatid arms
(Strunnikov et al., 1995, 1993). However, the function of cohesin at
the point centromere of budding yeast is not as simple as a ring
holding two DNA strands together, as sister kinetochore complexes
are separated by 800 nm during mitosis (Pearson et al., 2001). In
addition to cohesin, condensin (Smc2 and Smc4), essential for
chromosome condensation (Strunnikov et al., 1995), plays a key
role at the budding yeast pericentromere. Perturbing condensin
function by introducing a temperature-sensitive mutation increases
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spindle length and destabilizes spindle length during metaphase of
mitosis (Stephens et al., 2011). Condensin perturbation also results
in increased stretching of a fluorescently labeled, bi-oriented,
dicentric plasmid that serves as an in vivo proxy of separated sister
chromatids (Lawrimore et al., 2018; Stephens et al., 2011). Taken
together, these results demonstrate that both cohesin and condensin
are important for the stability and resistivity of sister chromatid
cohesion during metaphase.
Early models for centromeric cohesin placed sister-chromatid

linkages at the centromere itself (Fig. 1A,B). However, as more
information has accrued, including chromatin immunoprecipitation
mapping of cohesin and condensin, 3D contact maps (3C and Hi-C)
of yeast chromosomes, cell biology of FROS, cohesin
and condensin, as well as quantitative models of DNA polymer
behavior, the simple models were found to be insufficient to account
for the spectrum of experimental evidence. More recent models,
which are not mutually exclusive, include sister-chromatid linkages
distal to the centromere at sites of convergent genes and polymer-
based bottlebrush models that invoke DNA looping as a major
feature of centromeric chromatin (Fig. 1A–D).
There are several issues with models that rely on cohesin tethering

of sister chromatids at the centromere (Fig. 1). First, the distance
between separated sister kinetochores is ∼800 nm in budding yeast
and ∼1000 nm in mammalian cells (Pearson et al., 2001; Salmon,
1975). As the cohesin ring is only ∼40 nm in diameter (Haering
et al., 2002), this implies that cohesin cannot directly bridge the
distance between sister chromatids at the centromere. If cohesin is
not directly holding the sister centromeres together, this raises the
question of how tension is maintained over the 800 to 1000 nm of
centromeric chromatin between sister kinetochores (compare
Fig. 1A and Fig. 1B).

Second, the length scale of sister kinetochore separation
(∼800 nm) is an order of magnitude larger that the length scale
over which DNA is stiff (50 nm). Models for centromere cohesin
must take into account the mechanical properties of DNA. The
mechanics of naked DNA can be explained by a simple elastic
model, the WLC (Marko and Siggia, 1995). The WLC describes
DNA using a single parameter Lp (persistence length), which is
defined mathematically as the length scale over which the tangential
vectors along the DNA become uncorrelated (Lp for DNA=50 nm,
corresponding to ∼150 bp) (Howard, 2001; Rubinstein and Colby,
2003). This indicates that the ends of a ∼150 bp DNA fragment are
roughly coordinated, and they become completely independent with
increasing fragment length, resulting in a floppy chain. A floppy
chain adopts the conformation of a random coil, with one
consequence being the relatively weak force required to extend it.
Furthermore, only when DNA is elongated to ∼70% of its B-form
length, when it is well out of the thermodynamically preferred
conformation of a random coil, will it provide significant resistance
to further extension. If DNA was acting as a spring between
separated sister kinetochores, the length required to resist pulling
forces exerted by the MTs would be on the order of 3 to 4 kb (∼700
to 1000 nm) (Dewar et al., 2004). However, there is far too much
DNA between sister kinetochores, by several orders of magnitude,
in organisms with either point or regional centromeres, for DNA
alone to act as an effective spring. Simple displacement of cohesin
from the centromere (Fig. 1B) does not help us understand the path
of DNA over the micron length scale between sister kinetochores.

Third, there is the challenge in deriving organizational principles
from the statistics of population studies of fixed cells (e.g. chromatin
immunoprecipitation, 3C and Hi-C) into an individual cell in which
chromosomes are constantly wiggling and writhing within a very

Condensin

Microtubule

Kinetochore

Convergent genes

Sister
kinetochore
separation
incorrect

Condensin
localization
incorrect

Cohesin
localization
width too
narrow

Cohesin and
condensin
density
too low

Cohesin clustering
around convergent
genes

Condensin
complexes
forming
Z-loops

Sister chromatids
Cohesin

Convergent genes
500 nm

B

D

A

C

Fig. 1. Proposed centromere configurational states.
(A) The cohesion model of a point centromere. Only a
single pair of sister chromatids (light and dark blue) are
shown for clarity. Cohesin (lilac) holds sister chromatids
together at sites of convergently transcribed genes.
Cohesin is a ∼50 nm ring. The model does not account
for the distance between sister kinetochores (800 nm),
nor the position of condensin (yellow) to be aligned along
the microtubule (green) axis. (B) The V model of a point
centromere (Paldi et al., 2020). This model accurately
depicts the separation of sister kinetochore complexes
but does not account for the spatial segregation of
cohesin and condensin. (C) The C-loop model correctly
predicts the localization of cohesin and condensin, as
well as that of DNA loops and kinetochores. However, the
density of cohesin and condensin are too low, resulting in
too few SMC complexes to account for the observed
density of cohesin and condensin. In the budding yeast
pericentromere, cohesin and condensin are enriched
threefold over their typical density of one cohesin per
10 kb and one condensin per 10 kb. (D) The bottlebrush
model of a point centromere (Lawrimore et al., 2016,
2015). This model correctly predicts the physiologically
determined stoichiometry of cohesin and condensin
within the pericentric region and incorporates the recent
discoveries of condensin-mediated Z-loops and cohesin
clustering.
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active nucleoplasm. The complexity in deducing mechanism from
population statistics is exemplified in the analysis of cohesin and
condensin from population studies versus live-cell analysis
(Vasquez and Bloom, 2014). Analysis of chromatin
immunoprecipitation studies reveals highly overlapping patterns
of condensin (Smc4) and cohesin (Scc1) throughout the centromere
and surrounding region (Blat and Kleckner, 1999; D’Ambrosio
et al., 2008; Glynn et al., 2004; Megee et al., 1999). In contrast,
single-cell analysis reveals a non-overlapping distribution of
condensin and cohesin. Pericentric condensin (Smc4) is localized
along the central spindle axis between sister kinetochores (Stephens
et al., 2011), while cohesin (Smc3) is radially displaced from the
spindle axis (Lawrimore et al., 2018; Stephens et al., 2013b; Yeh
et al., 2008). The apparent discrepancy between the fixed- and live-
cell data can be reconciled by considering DNA dynamics. DNA
chains, like all matter in the cell, are in a state of constant thermal
fluctuation. Even though cohesin and condensin in the
pericentromere are spatially segregated, they bind on average all
DNA segments in the pericentromere, as different regions of DNA
constantly explore the space between sister kinetochores. Cohesin
and condensin do not bind, on average, all the pericentromeric DNA
in a single cell, but when a population of cells is sampled, as is the
case in chromatin immunoprecipitation (ChIP) or Hi-C, the sum of
all configurational states of DNA is realized. Therefore, models of
centromere structure must incorporate the behavior of single
chromatin chains in live cells together with statistical data from
population studies and biophysical observations from reconstitution
experiments.
Fourthly, spindle MTs are cylindrically organized (∼250 nm in

diameter and 1500 nm long in metaphase in budding yeast) (Winey
and Bloom, 2012), but cohesin is distal to the central MT axis
(Lawrimore et al., 2018; Stephens et al., 2013b; Yeh et al., 2008).
Centromeric cohesin (Smc3–GFP) appears as a cylinder (∼500 nm
diameter and 550 nm long) that encircles the central spindle MTs.
The cylindrical geometry is a consequence of the spread of
fluorescence from∼300 cohesin–GFP complexes (Lawrimore et al.,
2011) that are evenly distributed around the spindle axis (Yeh et al.,
2008) (Stephens et al., 2013c). This position of cohesin is
incompatible with models that posit cohesin as the sole spring that
opposes MT-pulling forces (Fig. 1A,B). Instead, cohesin and
condensin have distinct roles to enable pericentric chromatin to
stably withstand pulling forces fromMTs. Recent in vitro studies of
budding yeast cohesin and condensin reveal that condensin
complexes can extrude loops (Ganji et al., 2018; Terakawa et al.,
2017) and generate loop-in-loop structures, called Z-loops (Kim
et al., 2020), while cohesin complexes that are bound to DNA are
capable of clustering together given a sufficient DNA length
(>3 kb) and cohesin concentration (Ryu et al., 2021) (Fig. 1D). The
ability of condensin to extrude Z-loops may be the underlying cause
of radial loops of chromatin and the basis for its axial localization.
Finally, the motion of non-sister chromatids (chromosomes 11

and 15) is correlated (Stephens et al., 2013c). Using dual labeled
FROS to interrogate the motion of pericentromeres adjacent to
centromeres from chromosomes XI and XV (CEN11 and CEN15,
respectively), we were able to follow the motion of different
pericentromeres in the same cell. Different pericentric chromatids
exhibited coordinated motion and stretching (length changes from
foci to a linear element), indicative of physical linkages between
non-sister strands (Stephens et al., 2013c). Coordinated motion is
dependent on condensin, while coordinated stretching depends on
cohesin (Stephens et al., 2013c). Potential mechanisms that could
account for the coordinated behavior of non-sister strands include

the formation of DNA–cohesin condensates via bridging-induced
phase separation (Ryu et al., 2021) and/or the ability of cohesin to
form slip links on DNA (Borrie et al., 2017; Stigler et al., 2016).
Protein complexes that function as slip rings (or molecular pulleys)
provide a mechanism to distribute tension from one location to the
entire network (Okumura and Ito, 2001). Cohesin has the physical
attributes of a slip ring and might contribute to coordinated
movements as a means to regulate centromere elasticity. Likewise,
these bridging and/or cross-linking functionalities provide a
mechanism to sequester sub-domains in the nucleus (e.g.
nucleolus; Hult et al., 2017) as an alternative means to coordinate
non-sister strands.

Bottlebrush model of the centromere
The observations outlined above indicate that neither cohesin nor a
DNA spring account for the resistance of the centromere to pulling
forces, raising the question of how, then, does the pericentromeric
chromatin (hereafter pericentromere) organization provide the
requisite tensile element?

A major advance in answering this question was the proposal and
validation of a bottlebrush model for the pericentromere (Lawrimore
et al., 2016, 2015) (depicted in Fig. 2A,B). A molecular bottlebrush
resembles the laboratory brushes used to wash test tubes. The brush
has a long backbone (primary axis) populated with a dense array of
shorter side chains. The distinct feature of the bottlebrush is that steric
repulsion between the side chains stretches the primary axis. This
configuration provides a mechanism to generate significant tension
along the DNA backbone. The magnitude of axial tension is
dependent on the density and length of the loops (Lebedeva et al.,
2012; Panyukov et al., 2009a,b; Rubinstein and Colby, 2003). The
bottlebrush model for centromeres is derived from a synthesis of
experimental results, including the localization and enrichment of
cohesin and condensin in the pericentromere as determined by ChIP
(Blat and Kleckner, 1999; D’Ambrosio et al., 2008; Megee et al.,
1999; Weber et al., 2004), the localization of FROS (Anderson et al.,
2009; Stephens et al., 2011, 2013c), and cohesin and condensin
observed in live cells (Stephens et al., 2013b; Yeh et al., 2008), and
cross-linking studies showing the position of DNA loops (Paldi et al.,
2020) (Fig. 3). This model is based on the thermodynamic principles
of polymer fluctuations and the presence of loop extrusion proteins
(condensin) and molecular slip links (cohesin) (Lawrimore et al.,
2016, 2015). Such a bottlebrush arrangement of chromosome
organization can be seen across different species and is supported
by evidence from different experimental approaches, including
imaging and computational modeling (Lawrimore et al., 2015), Hi-
C (Gibcus et al., 2018) and in vitro studies (Elbatsh et al., 2019)
(Fig. 2A–C).

Experimental validation of the bottlebrush
Studies using the yeast pericentromere as a model allow us to discern
how the bottlebrush is assembled, regulated and disassembled, and
thus provide key insights into the physical attributes of eukaryotic
chromosomes in general.

In budding yeast, cohesin and condensin are three-fold enriched
in pericentromeric chromatin during mitosis as measured by ChIP
(D’Ambrosio et al., 2008; Megee et al., 1999; Weber et al., 2004)
but occupy spatially distinct regions within the pericentromeric
chromatin similar to the spatially distinct regions that contain
condensin I and II in mammalian chromosomes (Elbatsh et al.,
2019; Gibcus et al., 2018; Stephens et al., 2011, 2013b)
(Figs 2B,C and 3). The physical segregation of condensin and
cohesin within the pericentromere in vivo highlights several key
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points. First, ChIP experiments identify the position of a given
protein (condensin or cohesin) averaged over a large population of
cells. The position of condensin and cohesin in individual cells can
be reconciled with ChIP data based upon predictions from models
shown in Figs 1 and 3. In the case of the bottlebrush model, what
may be a side chain in the bottlebrush in one cell can be the primary
axis in another cell. Condensin binding to the primary axis and
cohesin binding to the side chains will therefore map to the same
sequences when these binding modalities are averaged over millions
of cells, but they exhibit non-overlapping positions in individual
cells.
The spindle imposes a physical constraint that forces the bases of

DNA loops to lie along the spindle axis, which means that the tips of

the loops are forced away from the axis. Cohesin is displaced from
the central spindle axis and appears as a barrel surrounding the
spindle MTs (Fig. 3, experimental and simulated Smc3–GFP
images). The simplest model of a diffusible protein ring (slip-link)
that encircles one strand of DNA (cohesin) gives rise to a cylindrical
arrangement of cohesin that phenocopies the experimentally
observed position (Lawrimore et al., 2016). The bottlebrush
model predicts this position as the thermodynamically favored site
within the DNA loops (Fig. 3B). Through iterations of model
parameters, we found that the size of the DNA loops dictates the
diameter of the pericentric cohesin barrel (Fig. 3, end-on view of
Smc3, experimental and simulated) (Lawrimore et al., 2016). The
cohesin complex diffuses to the most entropically favored position,

A  Yeast pericentromere organization B  Mammalian mitotic chromosome C  Chromosome organization mediated
    by condensin I and II

1 pair All pairs

Fig. 2. Bottlebrush models of chromosomes. (A) Model of the yeast pericentromere (Lawrimore et al., 2015). A single pair (left) of sister chromatids (red and
blue) are attached to microtubules (green). Condensin (purple rings) forms loops along microtubule axis (vertical line connecting microtubules). Cohesin (dark
yellow rings) encircles sister chromatids further along the microtubule axis. All 16 pairs of sister chromatids (right) form a bottlebrush upon attachment to
microtubules. The primary axis is running north–south (aligned with kinetochore microtubules, shown to the left). The brush is formed upon clustering of the 16
kinetochore pairs shown to the right. The ‘brushes’ of the bottlebrush are secondary loops formed by condensin, perpendicular to the primary spindle axis (north–
south). (B) Mammalian mitotic chromosome model (Gibcus et al., 2018). Condensin-II (purple rings) and condensin-I (pink rings) form a nested loop structure
(left). The entire mitotic chromosome (right) forms a bottlebrush, similar in structure to the yeast pericentromere. (C) The role of condensin I and II in chromosome
organization as proposed in Elbatsh et al. (2019). Condensin I and II are color-coded as in B.

En
d 

on
Sa

gi
tt

al Spc29–RFP Smc4–GFP Smc4

Smc3Spc29–RFP

Spc29–RFP

Smc3–GFP

Smc3–GFP

En
d 

on
Sa

gi
tt

al

Smc3

Kinetochore

Experimental Simulated

Centromere/
Pericentromere

(yeast)

A B

Fig. 3. Similarities between experimental and simulated images highlight the predictive power of the bottlebrush model. (A) Schematic of mitotic
chromosome. Spatial segregation of condensin and cohesin in a pericentromere during mitosis. Deconvolved, experimental images (taken by Julian Haase) of
spindle poles (Spc29, magenta), condensin (SMC4, top, green) and cohesin (SMC3, middle, bottom, green). Distance between spindle poles is ∼1–1.5 µm.
(B) Schematic illustration of a pair of sister chromatid loops within the pericentromere. Condensin is at the base (green) and cohesin (burgundy) is at the tips of
DNA loops (blue). The 125 bp centromere (red ball) is the site of kinetochore assembly in budding yeast (apex of primary, horizonal loops), and sister
kinetochores are∼800 nm apart. Simulated images (Sim) from 3D model showing the distribution of SMC4 (top) and SMC3 (middle: sagittal and bottom, end-on
view (Stephens et al., 2013b). Cohesin (Smc3) appears as a barrel in the end-on view because the diameter (500 nm) of the average position of individual
cohesin proteins exceeds the diffraction limit (∼300 nm). Bottom, end-on view of pericentromeres from all 16 chromosomes in their metaphase configuration.
Scale bar: 1 µm (applies to all experimental and simulated images).
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which happens to lie approximately midway between the base and
the tip of a DNA loop. In this way, the diameter of the cohesin barrel
expands as the size of the loops increases. The dimension of the
cohesin can be experimentally manipulated, and is dependent on
the state of histone H2A phosphorylation (Haase et al., 2012).While
the size of individual loops cannot be measured, changes in
chromatin structure modulate the DNA persistence length, which
contributes to DNA loop size, validating the model predictions.
The displacement of cohesin distal to the spindle axis predicts that

pericentromere DNA itself is cylindrically arrayed around the
central spindle. Using FROS as markers of the pericentromere,
the DNA was found to occupy a region roughly cylindrical in
geometry surrounding the central spindle. The mean position of
pericentromere DNA overlaps the geometrical position of cohesin
(Anderson et al., 2009). This finding rules out simple models of the
centromere (Fig. 1A,B) and points to models in which DNA fills the
entire space spanning the distance between sister kinetochores
(Fig. 1C,D).
It is important to note that the bottlebrush models make no

assumptions with regard to the ability of cohesin to link DNA
strands. Evidence for non-sister strand linkage is derived from
image analysis of FROS arrays on pericentromeres from different
chromosomes (Stephens et al., 2013c). Analysis of multiple FROS
arrays has revealed correlated movement during metaphase,
indicative of physical linkages between different chromosomes.
Indeed, implementing cross-linking between adjacent loops of
different sister chromatids mediated by cohesin in our model
allowed us to account for the extent of the experimentally observed
correlated motion (Lawrimore et al., 2016). The bottlebrush
model of pericentromeres thus provides the mechanistic basis for
experimental observations of their position and dynamics for
different chromosomes (Stephens et al., 2013a, 2013c). Therefore,
fully understanding the mitotic segregation apparatus requires a
conceptual shift by expanding the focus from the well-studied
mitotic spindle (i.e. spindle MTs) and kinetochores to include the
bottlebrush, which minimally comprises cohesin, condensin and
pericentromeric chromatin. It is imperative that we understand how

the mass of pericentric chromatin that lies between sister
kinetochores is integrated into the mechanism that generates and
detects informative tension at the kinetochore.

Kinetochores from each of the 16 yeast chromosomes are
visualized as a single diffraction-limited cluster, and upon
biorientation in metaphase, they appear as two clusters separated
by ∼800 nm (Pearson et al., 2001). A bottlebrush formed by all
of the pericentromeres can explain why all kinetochores
cluster together (because cohesin links loops from different
pericentromeres into a single bottlebrush) (Ng et al., 2009) and
why the sister clusters are 800 nm apart (because this is the length of
a bottlebrush that will be stiffened by the number and density of
loops available through the size of the pericentromeric DNA) (Xie
et al., 2019) (Figs 3 and 4). We postulate that in species with
regional centromeres like humans, there is enough centromeric
DNA in each chromosome to form a similar ‘bottlebrush’ structure
at a single centromere, without need for clustering of kinetochores
from different chromosomes (Aze et al., 2016; Lawrimore and
Bloom, 2019). Computer simulations predict that tether points at the
base of condensin-mediated DNA loops are driven to the axis in the
presence of an extensional force such as exerted by spindle MTs
(Lawrimore et al., 2016) (Fig. 4A,C). Slip-link tethers such as those
mediated by cohesin diffuse along the DNA, where they fluctuate to
the radial periphery of DNA loops regardless of whether there is an
extensional force. The different chromatin-tethering modalities of
cohesin (diffusible slip-links) and condensin (DNA loop extruders),
together with the extensional force from spindle MTs, result in their
geometric partitioning and provide a mechanism to convert DNA
from a floppy polymer into a stiff bottlebrush that can sustain
tension across micron-scale distances (Goloborodko et al., 2016;
Lawrimore et al., 2016, 2018; Xie et al., 2019).

Conclusions
In summary, as discussed above, the organization of the
pericentromeric chromatin between sister kinetochores of budding
yeast closely resembles a bottlebrush polymer. The point
centromeres lie at the ends of the brush, where they interact with

A B C
Condensin

Centromere

Cohesin

N
o 

co
nd

en
si

n
Co

nd
en

si
n

High force

Low force

Fig. 4. The bottlebrushmodel for a yeast centromere. (A) Schematic illustration of the pericentromere loops from one pair of sister chromatids. DNA is depicted
as blue strands and the distance between sister centromeres is ∼800 nm. (B) A computational polymer dynamics model that can be directly compared to time-
lapse visualization of chromatin through lacO–LacI–GFPandSMC–GFP fusion proteins (Lawrimore et al., 2016). The bottlebrush is generated by the clustering of
pericentromere loops from all 16 pairs of sister chromatids in metaphase as shown here, resulting in ∼1–1.6 Mbp DNA (30–50 kbp/pericentromere×two sister
strands×16 chromosomes). Chromosome arms are not included in the model. (C) Illustration of how the brush focuses tension along spindle axis (Lawrimore
et al., 2018). DNA loops sterically repulse one another, exerting a force on the primary axis (from one sister centromere to the other, in A). Force is estimated from
the separation between individual beads that make up the bead-spring polymer model, the greater the bead separation, the higher the force (from black to yellow).
In the presence of cohesin and condensin (top), force is focused on the primary axis (yellow). In the absence of condensin (bottom), the force is lower and evenly
distributed throughout the brush. This lower force is in the sub-picoNewton range and reflects thermal fluctuations. The higher force in both panels (yellow) is on
the order of 5–7 picoNewtons, which is comparable to independent in vivo data and in vitromeasurements of reconstituted kinetochore–microtubule attachment
(Chacon et al., 2014; Akiyoshi et al., 2010). This model provides a physical basis for the conservation of distance between separated sister kinetochores,
indicating the bottlebrush to be a conserved mechanistic solution to centromere stiffness.
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kinetochores. The pericentromere is the 30–50 kb region flanking
the point centromere, enriched in cohesin and condensin, and
extending to sites of convergent gene transcription. Condensin
forms a looped loop DNA structure by extruding loops in the
pericentromere. Condensin lies along the spindle axis, coincident
with the base of the loops. Cohesin complexes act as slip links that
diffuse to the thermodynamically favored position in the loop.
Cohesin is radially displaced from the base of the loops and appears
as a barrel surrounding the central spindle. Additionally, cohesins
may cross-link other cohesin complexes within the pericentromere
as evidenced by the correlated motion of non-sister pericentromeres.
The bottlebrush model reconciles findings from population studies
(ChIP) with live-cell imaging based on the physics of a thermally
fluctuating DNA polymer. Cohesin and condensin are spatially
segregated in the pericentromere of individual cells. However, these
protein complexes bind an overlapping set of DNA sequences due
to the fluctuation of DNA to different positions of loops (e.g. base,
middle or tip) in different cells. The behavior of single chromatin
chains in live cells is necessary to interpret statistical data from
population studies. The bottlebrush thus provides the physical basis
for how pulling forces from the mitotic spindle are transmitted
through the region between sister kinetochores. In budding yeast, 32
disparate chromatids are aggregated into a single stiff structure
owing to the loop extrusion and potential cross-linking activities of
cohesin and condensin (Ganji et al., 2018; Stephens et al., 2013c;
Terakawa et al., 2017). We propose that for both point and regional
centromeres, the brush is the biophysical basis for generating
tension with a floppy material. Based on the conservation of sister–
sister kinetchore separation distance (800 to 1000 nm) (Box 1) and
the highly looped nature of regional centromeres, such as occur in
humans (Aze et al., 2016), the bottlebrush organization may be
conserved across different species as an elegant solution to the
problem of generating tension from a floppy and extensible DNA
substrate.
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