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Abstract

At metaphase in mitotic cells, pulling forces at the kinetochore-microtubule interface create 

tension by stretching the centromeric chromatin between oppositely oriented sister kinetochores. 

This tension is important for stabilizing the end-on kinetochore microtubule attachment required 

for proper bi-orientation of sister chromosomes as well as for satisfaction of the Spindle Assembly 

Checkpoint and entry into anaphase. How force is coupled by proteins to kinetochore microtubules 

and resisted by centromere stretch is becoming better understood as many of the proteins involved 

have been identified. Recent application of genetically encoded fluorescent tension sensors within 

the mechanical linkage between the centromere and kinetochore microtubules are beginning to 

reveal – from live cell assays – protein specific contributions that are functionally important.
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Introduction

Eukaryotic kinetochores have a highly conserved molecular architecture. A modified histone 

H3, CENP-A, within nucleosomes at the periphery of centromeric chromatin marks the site 

of kinetochore assembly. CENP-A recruits Constitutive Centromere Associated Protein 

Network (CCAN in human, COMA in yeast) to form the inner kinetochore and provide 

protein linkers to outer kinetochore proteins (budding yeast kinetochore Fig. 1A). Two 

important CCAN linkers are CENP-C (Mif2, Fig. 1A) and CENP-T (Cnn1) because their C-

terminal ends are bound to chromatin and their N-terminal ends bind to the outer domain 

KMN network of proteins [1–5]. The KMN network includes the Knl1 complex (Knl1 and 

Zwint-1 human, Spc105 and Ydr532 yeast), the ~25 nm long Mis12/MIND complex 

(Mis12, Nsl1, Nnf1, and Dsn1, Fig. 1A) and the ~60 nm long Ndc80 complex (Ndc80, Nuf2, 

Spc24, Spc25) (Fig. 1B) (reviewed in [6]). A fraction of CENP-C binds the Mis12/MIND 

complex which is linked to the inner ends of the Knl1 and Ndc80 complexes, which is 

Spc24/Spc25 for the Ndc80 complex [3, 7]. In some cell types, CENP-T attaches the Ndc80 

complex to kinetochores in two ways: one by directly binding Spc24/Spc25, and second by 

binding the inner end of the Mis12 complex [4–6, 8–11]. The Ndc80 complex (Ndc80c) has 
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several critical functions. These include attachment to the plus ends of spindle microtubules 

to form kinetochore microtubules (kMTs) that mechanically link chromosomes to their 

spindle poles, force production coupled to kMT plus-end polymerization and 

depolymerization [12, 13], control of signaling by the spindle assembly checkpoint (SAC) 

through regulation of Knl1c activity [14, 15], and correction of errors in kMT attachment 

that prevent inaccurate chromosome segregation in anaphase [6] (Fig. 1A).

Pulling forces at kinetochores at metaphase are mainly resisted by the stretch of the 

chromatin between opposite facing kinetochores. Kinetochore pulling force depends on 

whether kMTs are in the polymerization or depolymerization phases of dynamic instability 

and whether spindle poleward microtubule flux exists [16, 17]. Kinetochore pulling force 

can also be “active” or “passive” [17–20]. Figure 2 shows examples of kinetochore, 

chromosome and microtubule dynamics in three different cell types at metaphase and shortly 

after anaphase chromosome separation. In Type I, kinetochores exhibit switching between 

persistent polymerization and depolymerization phases of their kMT dynamic instability that 

cause chromosome oscillation between the poles at meta-phase. During polymerization 

phases, kinetochores passively resist the tension of centromere stretch. There is no poleward 

flux. In Type II (typical of animal cells), at metaphase kinetochores exhibit directional 

instability as in Type I and they are also steadily pulled poleward by kMT poleward flux. At 

anaphase with loss of tension from centromere stretch, kMTs persist in depolymerization 

and their separated chromosomes are pulled poleward both by Pacman activity at 

kinetochores and poleward flux of their kMTs. In Type III, kinetochores at metaphase persist 

in polymerization driven by poleward microtubule flux. Pulling force for centromere stretch 

is produced by “passive” resistance to the sliding of the microtubule lattice through the 

kinetochore attachment site. In anaphase with the loss of centromere tension, kinetochores 

tend to switch to active force generation coupled to depolymerization (PacMan) [21], or 

remain in passive force generation, but with much slower polymerization [16, 22].

Understanding force generation at kinetochores requires learning how active and passive 

force generation are coupled to deformation within the kinetochore itself, coupling to 

depolymerizing and polymerizing kMT ends respectively, and how chromatin between 

opposing kinetochores is made sufficiently stiff to produce the tension needed to drag 

kinetochores away from their poles and maintain the tension needed for control of kMT 

attachment and the spindle assembly checkpoint. The kinetochore contains minimally 

passive and active sites of force generation [18], and intra-kinetochore deformations can be 

observed through fluorescence co-localization with nanometer accuracy [14, 23–26]. At 

metaphase, after kMT formation and chromosome bi-orientation at the spindle equator, the 

protein linkage from the inner kinetochore to the MT lattice at the ends of kMTs becomes 

extended along the MT axis, and this linkage appears mechanically stiff in comparison to 

centromeric chromatin in between sister kinetochores [23, 26, 27]. However, changes in the 

deformation (intrakinetochore stretch) within the kinetochore protein linkage to the ends of 

kMTs on the order of 10–20 nm have been observed by measurements of fluorescence co-

localization with nanometer accuracy between passive and active kinetochores [18], 

suppression of MT dynamics with taxol [27–29], and the loss of centromere tension at 

anaphase onset [23]. Whether these deformations represent changes in stretch of the linker 

molecules or their disorientation from the microtubule axis is currently controversial [25].
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In contrast to the stiff kinetochore at metaphase, centromeric chromatin is compliant and 

heterogeneous in its mechanical properties. The tensile strength of centromeric chromatin is 

dictated in large part through SMC (structural maintenance of chromosome) proteins, 

cohesin and condensin. Cohesin and condensin are spatially segregated in the centromere 

and function to build a dense array of pericentromere chromatin loops in order to stiffen the 

linkage between sister kinetochores and provide resistance to the opposing force from 

kinetochore and spindle microtubules [30–32]. How the centromere spring is built, and is 

responsive to constant fluctuations in MT growth and shortening is starting to be understood.

In this essay we first review the pioneering kinetochore force measurements of Bruce 

Nicklas using calibrated microneedles in spermatocyte cells (Type III), then compare recent 

values for metaphase kinetochore force in a Type III tissue cell Drosophila S2, using 

fluorescent tension sensors integrated into the CENP-C linker to the Ndc80 complex. We 

then turn to measurements with a fluorescent tension sensor within the Ndc80 complex near 

its MT binding domains for mitotic budding yeast (Type I cell) that yield estimates for force 

at that site, but more importantly, provide data showing load sharing by other MT binding 

proteins that also bind Ndc80 inside of the tension sensor. Finally, we look at how 

fluorescent sensors in budding yeast are advancing knowledge of how the dynamic structure 

of centromeric chromatin generates stiffness and how crosslinkers, like cohesin and 

condensin make this chromatin very mechanically anisotropic.

Pioneering measurements of the magnitude of force at kinetochores

The founding experiments demonstrating the elastic properties of chromosomes were 

micromanipulation experiments of R.B. Nicklas on grasshopper spermatocytes [33, 34]. The 

maximum amount of force the spindle can generate at a kinetochore was determined by the 

amount of external force required to stop chromosome movement. Because the cell cortex 

offered no resistance in these spermatocytes, Nicklas was able to pull on chromosome arms 

and measure their extensions within dividing cells using microneedles from the outside. 

Chromosome extension was measured with a range of four force-calibrated needles. The 

elastic modulus of chromosome elasticity was derived from the equation EA = F l0/lΔ. The 

elastic modulus (Young’s modulus E) × cross-sectional area of chromosome = Force × (total 

length l0/change in length lΔ). Nicklas found that 700 pN was required to stall chromosome 

movement [35, 36]. There are 45 microtubules on average per kinetochore in these 

grasshopper cells. Nicklas estimated that only 1/3 of these extended from the kinetochore to 

the pole, and thus divided the total MT number by 3. We now know that microtubules can be 

cross-linked within the spindle and do not have to extend to the pole to generate force at the 

kinetochore [37, 38]. If we recalculate using 45 microtubules instead of the 15 he used, each 

kMT can exert ~15 pN of force, about a third of the 45 pN/kMT he calculated [35, 36]. How 

much force is actually required to segregate a chromosome in anaphase? To calculate this, 

one needs to estimate the drag force, fdrag = viscosity × shape × velocity (Stokes’ law). The 

force for chromosome segregation of a large Melanoplus chromosome is on the order of 0.2–

0.5 pN [34], much smaller than the stall force [35, 36].
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Estimate of metazoan kinetochore tension force at metaphase

To obtain the magnitude of tension at a multiple microtubule-attached kinetochore, Ye et al. 

[29] introduced a FRET sensor (TSMod) in the intrinsically disordered region of CENP-C in 

a Drosophila S2 cell line. In Drosophila, CENP-C currently appears to be the sole linkage 

between the inner kinetochore and the Ndc80 complex [3]. TSMod in vivo consists of 

genetically encoded fluorophores, mTurquoise2 and mVenus linked together by an 

unstructured amino acid chain that behaves like an entropic spring [39]. The average force 

per molecule was estimated to be 1–2 pN at bioriented kinetochores. In this and other 

studies with TSMod, the change in distance between fluorophores is converted to force 

based on in vitro calibration of a sensor with organic cyanine dyes, Cy3 and Cy5 [40, 41]. 

For the in vitro studies, Cy5 and Cy3 dyes were covalently attached to DNA that in turn was 

conjugated to the substrate and bead, respectively. The difference in linkages and dyes 

introduce uncertainties in how well the two force extension curves faithfully represent the 

correspondence between distance and force over a range of low to high extension. In 

addition the calibration using organic dyes does not consider the contribution of the 16 

flexible amino acids as well as the physical size of the two fluorescent proteins and their 

relative orientation. To address this problem, Ye et al. [29] also measured force with a non-

FRET fluorescent tension sensor inserted into CENP-C constructed of focal adhesion 

components talin and vinculin. Results from this assay also yielded 1–2 pN per CENP-C. 

The finding that both methods yielded comparable estimates of force is a strong validation 

of the approach and represents an important contribution in the field.

Ye et al. calculated a force of 12–62 pN per kMT and 144–764 pN/kinetochore based on 

their force estimates within CENP-C of 1–2 pN, 12–31 CENP-C (and Ndc80c) per kMT, and 

12 kMTs per kinetochore in metaphase Drosophila S2 cells (33). These numbers are of the 

same order of magnitude as measured by Nicklas for kinetochores in meiotic spermatocytes 

as discussed previously, but their accuracy waits a direct measurement for the number of 

CENP-C per kinetochore.

Note, metaphase Drosophila S2 cells, like the spermatocyte cells have Type III spindles (Fig. 

2) where kinetochore force on chromatin at metaphase is produced by resistance to poleward 

microtubule flux as their kMTs polymerize at the rate of flux [17, 42, 43]. We will consider 

next, kinetochores in budding yeast which like in mammalian cells (Type II, Fig. 2), exhibit 

directional instability and oscillations in the stretch of the centromere between sister 

kinetochores at metaphase, but unlike mammalian cells, have no poleward microtubule flux 

(Type I, Fig. 2) [44, 45].

Introduction of a live cell tension sensor in the Ndc80 microtubule binding 

complex

In budding yeast, the Ndc80 complex (Ndc80c, Fig. 1B) transmits force from an attached 

kMT to the inner centromere mainly through linkage of the C-terminal end of Spc24/Spc25 

to the Mis12/MIND complex, which is bound to CCAN proteins Mif2 (CENP-C) and the 

COMA Complex (Ctf19, Okp1, Mcm21, Ame1, Chl4 (CENP-N), Iml3) [6]. At metaphase, 

each kinetochore binds one kMT and sister kinetochores become separated apart to opposite 
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sides of the spindle equator where they exhibit directional instability as their kMT plus ends 

switch between persistent polymerization and depolymerization phases (Fig. 2, Type I). The 

number of kinetochore Ndc80 complexes per kMT has been estimated between 8 and 17 

[46–49]. The Ndc80 complex has two MT binding domains [50–55]. One is the unstructured 

N-terminal tail of Ndc80 that binds the C-terminal tails of tubulin within MTs except when 

phosphorylated by Aurora B kinase to promote kMT detachment and to correct connections 

to the wrong pole [56, 57]. The second is the calponin homology (CH) domain in Ndc80 

near the N-terminal tail, which is the primary Ndc80 MT binding domain.

Ndc80c also attaches to kMTs through two other microtubule binding proteins. Ndc80c 

recruits to kinetochores with attached kMTs, 1–2 Dam1 ring complexes and Stu2, a 

homolog of the TOG, XMAP215 family of MT binding proteins. Just where DAM1 ring(s) 

binds Ndc80c in vivo has been uncertain, but based on in vitro binding studies and in vivo 

protein mutation assays, there are multiple interaction sites that involve a domain just inside 

of the CH domains of Ndc80 and Nuf2, a domain near the loop domain in the middle of the 

Ndc80 complex and a domain further inside the loop domain (Fig. 1) [50–54]. Stu2 is 

proposed to bind the Ndc80 complex inside of the Ndc80 loop domain [55].

To understand how the N-terminal MT binding domains of Ndc80 contribute to kinetochore 

force, Suzuki et al. [58] inserted a FRET tension sensor (mYPet-28 unstructured amino 

acids-mCFP) into Ndc80 at amino acid 410, which is normally located within the alpha 

helical coiled-coil domain of the Ndc80/Nuf2 dimer, about 10 nm outside of the Ndc80 loop 

domain and toward the Ndc80 CH domain (Fig. 1B). Insertion of the FRET tension sensor at 

this site did not perturb the progression from prometaphase to anaphase in time-lapse 

imaging [58]. This site was the only one (of several tried) to accommodate the tension 

sensor and lies within a region found independently to be non-lethal to transposon 

mutagenesis [59]. The structural constraints of the coiled-coil heterodimer between Ndc80 

and Nuf2 do not seem to be structurally inhibitory at this site. This feature of coiled-coils is 

not unprecedented, as the alpha-helical coiled coils of cytoplasmic dynein shift on the order 

of several nanometers during each power stroke [60].

Estimation of tension force at the Ndc80 MT binding domains of budding 

yeast at metaphase

Suzuki et al. [58] calculated the absolute distance between the donor and acceptor 

fluorophores using mean values from FRET efficiency measurements (1 – mECFP channel 

emissionNdc80 biosensor/mECFP channel emissionNdc80 mECFP (410)). The FRET efficiency 

was 0.40 ± 0.12 (n = 69) in metaphase, 0.51 ± 0.09 (n = 54) in late anaphase, 0.45 (n = 118) 

in interphase, and 0.64 for the FRET probe attached to the C-terminus of Nuf2 (zero tension) 

(Fig. 3A and Table 1; adapted from [58]). These values for FRET efficiency were directly 

proportional to measured emission ratio values (FRET emission/mECFP emission) (Fig. 3B 

and C). This allowed estimates of FRET efficiency from measured emission ratios under 

conditions where FRET efficiency was not directly measured (Table 1). In solution, the 

Förster distance (R0, distance where energy transfer between donor and acceptor is 50%) for 

the FRET tension sensor was 5.3 nm for the mYPet-mECFP tension sensor [39]. Based on 
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this value and FRET efficiency measurements, the mean separation between the donor and 

acceptor fluorophores in the FRET tension sensor was 5.7 nm in metaphase, 5.3 nm in late 

anaphase, 4.8 nm in Nuf2-FRET (zero tension), and 5.0 nm in solution (Table 1).

Estimates of the mean tension at the FRET sensor can be obtained using a force extension 

curve based on a worm-like chain model for the entropic tension produced by stretching the 

unstructured 28 amino acids interconnecting the two beta-barrels in the FRET biosensor [39, 

61, 62]. Force, F, is calculated from [63]

where kT = 4.1 pN-nm, P, the persistence length = 1.09 nm, and L, the total contour length, 

= 12.5 nm. The total contour length is estimated from the 28 aa flexible segment (9.5 nm) 

plus 1.5 nm on each side to account for the distance from the outside of the fluorescent 

protein barrel to the fluorophore in the center giving a total contour length of 12.5 nm 

between donor and acceptor [39]. The x is separation distance minus the value in Nuf2-

FRET (Control) under no tension = 4.8 nm. This value is very close to the value in solution 

(5.0 nm) measured in previous study using only the sensor probe, and fit with a worm-like-

chain having a persistence length L = 1.1 nm [39]. Values from the worm-like chain 

equation indicated that the mean tension measured by the FRET biosensor per Ndc80 is 

~0.45 pN in metaphase (Δx = 0.91), ~0.2 pN in late anaphase (Δx = 0.5), ~0.3 pN in 

interphase (Δx = 0.66) and ~0 pN when the FRET biosensor was bound to the C-terminus of 

Ndc80 (Δx = 0) and not under tension (Fig. 3D and Table 1). Using a value of ~13 Ndc80 

complexes/kMT at metaphase based on the fluorescence of individual EGFP molecules in 

vitro or Cse4-EGFP in vivo [11, 47, 48], the total mean force at the FRET sensor per kMT is 

~6 pN at metaphase, ~2.5 pN in late anaphase, ~4 pN in interphase cells (Fig. 3 and Table 

1).

These forces remain rough estimates until in vitro calibrations with genetically encoded 

FRET sensors (mYPET, mECFP) can be performed. With current calibration standards, 

differences in the fluorophores (in vivo genetically encoded fluorescent proteins vs. in vitro 

organic dyes), possible compliant linkages within the beta barrels for mYPET and mECFP 

and effects from the crowded cellular environment remain sources of error for in vivo vs. in 

vitro force estimates. The ~5 pN per kMT at the Ndc80 MT binding domains in metaphase 

based on the WLC equation is comparable to in vitro measurements of 7–9 pN for the 

detachment force from MT ends of isolated yeast kinetochores as measured by Akiyoshi et 

al. [64]. It also is similar to the 7.5 pN value obtained from the stiffness measurements of 

stretched metaphase centromeres in budding yeast ([65], see below). Nevertheless, the actual 

in vivo mean kinetochore force maybe significantly higher than the above estimates because 

of load-bearing contributions of the Dam1 complex and Stu2 (see below). On the other hand, 

load-sharing by the Nuf2 coiled-coil domain within the Ndc80/Nuf2 dimer may be reducing 

the value measured by the FRET tension sensor. Finally, the moderate tension values at late 

anaphase and interphase 2.5–3 pN are an interesting puzzle. The nanoscale fluorescence co-
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localization measurements of Joglekar et al. [23] revealed that there was a shortening of the 

Ndc80 complex, perhaps through bending at its looped domain, indicative of a low tension 

state. However, the observed shortening could be a consequence of 2D versus 3D 

measurements that do not take into account geometrical changes in microtubule orientation 

in metaphase versus anaphase [66, 67].

The high tension values in anaphase and interphase are similar to the value measured when 

mitotic cells were treated with high (551 μM) doses of benomyl to inhibit MT 

polymerization and cause spindle collapse in metaphase (Table 1). In both interphase and 

high benomyl, kinetochores remain tethered to their poles by short, 50 nm kMTs [67]. Under 

both these conditions chromosomes are held close to the inside of the nuclear envelope 

where the poles are located. Perhaps kinetochore tension is produced by thermal repulsion of 

attached chromatin away from the inside of the nuclear envelope.

The FRET tension sensor within budding yeast Ndc80 protein reveals load 

sharing at metaphase between MT binding proteins at the kMT interface

It is important to note that the absolute value of force is not as significant as the changes in 

tension reported by the Ndc80 FRET sensor for discovering and testing mechanistic models 

of force coupling between kinetochores and kMT plus-ends. In budding yeast, the MT 

binding N-terminal tail of Ndc80 is not essential [68]. At metaphase, Suzuki et al. [58] 

found very low tension at metaphase through interphase in the Ndc80 tension sensor when 

the N-terminal tail was deleted, although centromeres were stretched to their normal mean 

length of ~800 nm at metaphase [58]. This showed that in vivo other MT binding proteins 

associated with the Ndc80 complex, like Dam1 and Stu2 [55, 69], have important roles in 

force coupling between kinetochores and MT ends.

Suzuki et al. [58] also found that treatment of metaphase cells with low dose benomyl (55 

μM) to suppress the extent of kMT dynamic instability results in a large drop in tension at 

the Ndc80 MT binding domains (Table 1), but no significant change in centromere stretch or 

spindle length [58]. These results suggested that the Ndc80 MT binding domains are under 

tension, being dragged along the kMT lattice away from the pole by centromere stretch 

during kMT polymerization, and under compression during the depolymerization phase of 

dynamic instability as the kinetochore moves poleward, stretching the centromere (Fig. 4).

To test this idea further, Suzuki et al. [58] used a Dam1 mutant (Dam1-765) isolated in a 

genetic screen for lethality when coupled with mutants that weakened the anchorage of 

microtubules in the spindle pole [70]. The rationale was that tight-binding kinetochore 

components would pull microtubules out of the pole, resulting in cell death. The key 

phenotypes of Dam1-765 were hyper-centromere stretch and kinetochores closer than 

normal to spindle poles at meta-phase with normal MT dynamics. Shimogawa et al. [70] 

proposed that the kinetochore was anchored to kMTs but uncoupled from the plus-end (Fig. 

4A and C). Suzuki et al. [58] found lower Ndc80 tension than normal indicating the Ndc80 

MT binding domains are under low tension in Dam1-765 cells as predicted by the enhanced 

affinity of the Dam1-765 mutant complex for the MT lattice and corresponding enhanced 

Dam1-765 drag force. The simulation in Suzuki et al. [58] indicates that depolymerizing 
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ends push the Ndc80 force coupler poleward at normal rates because of the high forces 

available from curling protofilaments (Fig. 4D) [71]. During polymerization, the force from 

hyper centromere stretch pulls the kinetochore away from the pole at a much slower rate 

than the rate of kMT polymerization. The enhanced drag exerted by Dam1-765 results in 

compression of the Ndc80 complex, and thus the resistive force shown in Fig. 4C. This 

allows the kMT plus end to grow past the kinetochore until depolymerization re-engages the 

coupler (Fig. 4D). While the kinetochore is closely coupled to microtubule-plus ends in 

wild-type situation (Fig. 4B), the physical properties of the kinetochore can be tweaked in 

such a way to position the kinetochore along the lattice. This finding makes new testable 

predictions for the behavior of kinetochores dislocated from microtubule-plus-ends in 

metazoans.

The DAM1 ring complex is a well-established force coupler at depolymerizing MT ends in 

vitro, particularly when anchored by long alpha helical-coiled coiled filaments similar to the 

Ndc80 complex [71]. There is evidence that Stu2 also plays a critical role in force 

transduction in the kinetochore [69]. Stu2 is an essential protein recently shown to bind the 

Ndc80 complex [69]. It has roles in regulating both microtubule dynamics [72, 73] and 

attachment force. Upon depletion of the protein, microtubule dynamics (growth and 

shortening) are severely reduced [73]. Isolated kinetochores detach more frequently from 

assembling tips in the absence of Stu2 under load, and upon shortening kinetochores lacking 

Stu2 detach less frequently under a small load (0.5–2 pN) and more frequently if load 

exceeds 2.5 pN [69]. Thus Stu2 function is in some way dependent upon the state of MT 

dynamic instability and load on the kinetochore.

Finally the drop in force at the biosensor while maintaining metaphase centromere stretch 

with either tail deletion [58] or low dose benomyl (Table 1) indicates that load within the 

kinetochore can be transferred from one complex to another, depending on alterations within 

the complex, or constellation of MT-binding proteins at plus-ends. Thus the kinetochore is 

not a simple force transmitter, rather it is a more complex force coupler in which load is 

nonlinearly distributed among the protein sub-complexes that bind MTs, and sensitive to the 

dynamic state of the microtubule end. A role for Ndc80 binding proteins has been found in 

both fission yeast for the TOG homologs, Dis1 and Alp14, and in human cells for the Ndc80 

loop binding protein Cdt1 and for the MT binding protein SKA, both of which, like the 

DAM1 complex in budding yeast, are only recruited to kinetochores at high concentrations 

after kMT formation [74–76]. How this recruitment occurs is an important issue to solve in 

future investigations.

The centromere spring

A major unsolved problem in mitosis is the organization of chromatin in the centromere and 

understanding how the centromere spring is constructed. Microtubules are very stiff 

polymers (persistence length, Lp = 6 mm), while DNA is five orders of magnitudes floppier 

(Lp = 50 nm). The spring constant for an entropic DNA spring is F = 3kBT/n(2Lp)2, where n 

= the number of Lp segments. For DNA length = 10 kb, the spring constant = 0.036 pN/μm, 

small indeed.
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The prevailing model in the literature indicates that the structural maintenance of 

chromosome proteins (SMC 1 and 3), cohesin, is responsible for tethering sister chromatids 

and resisting outward microtubule pulling forces. While the mechanism of sister chromatid 

tethering is under debate (one cohesin complex/sister strands vs. two cohesin complexes/

sister strands) there is ample evidence that loss of cohesin results in precocious sister 

chromatid separation [77, 78]. In the centromere, cohesin is 3X enriched but sister DNA 

strands are separated by several hundred nanometers [79–82]. Thus unlike in the 

chromosome arms, cohesin is not holding sister strands together in the pericentromere. 

Cohesin adopts a position radially displaced from the spindle axis, dictated by the size of the 

off-axis DNA loops [32, 83, 84].

Heterogeneity in the mechanical properties of the centromere

Metaphase sister kinetochore separation ranges from ~800 nm in budding yeast, to about 

1,000 nm in human cells [85]. It has been proposed that conservation of this distance reflects 

the higher order organization of centromere DNA into loops (Fig. 5) [30, 83, 85]. Cohesin 

and condensin function to generate and/or increase the lifetime of chromatin loops 

throughout the genome and are enriched in the centromere region. Furthermore, these 

complexes are distributed in non-overlapping patterns within the centromere. Condensin 

resides proximal to the axis defined by the sister kinetochores (spindle axis) [32, 86], while 

cohesin is radially displaced from the spindle axis [32, 84, 86]. The data are consistent with 

a model wherein condensin binds to the base of centromere loops, while cohesin seeks 

regions of most disorder within the loops (Fig. 5A). This heterogeneous structure must be 

taken into account in studies used to estimate centromere spring force.

Force can be inferred from the thermal fluctuation of the DNA polymer [83, 87]. A segment 

of the centromere can be visualized through the insertion of lacO into the centromere bound 

by lacI-GFP. At metaphase in budding yeast, this fluorescently labeled DNA adopts several 

configurations ranging from foci to elongated filaments that are in dynamic equilibrium 

(Fig. 5B). The foci reside in the cohesin-rich region displaced from the spindle axis while 

the elongated fluorescence is aligned close to the spindle axis [83]. Using simplifying 

assumptions such as those to measure the spring constant of an optical trap (κ = kBT/

variance), one can extract such a spring constant from the variance in foci spot fluctuation. 

Lawrimore et al. [83] have used this to estimate a metaphase value of 0.24 pN/μm for a 

budding yeast centromere linked DNA, 6.8 kb from the inner kinetochore and radially 

displaced from the spindle axis [83]. In the presence of azide, Lawrimore et al. [83] and 

Chacon et al. [65] find that the system stiffens considerably, reflecting inactivation of 

enzymatic processes and rigor binding of microtubule motor proteins. In the presence of 

azide, the metaphase value from spot measurements for the chromatin spring is 4 pN/μm. 

This value should not be taken as an estimate of centromere spring force between sister 

kinetochores due to the loop organization of centromere chromatin.

The DNA in loops is in thermal equilibrium with DNA along the spindle axis. When DNA 

approaches the spindle axis it does not adopt a random coil, rather the DNA becomes 

stretched between sister kinetochores, as evidenced by fluorescence of the LacI-GFP bound 

to elongated lacO DNA along the axis (see Fig. 5B). Using circular DNA of known size, 
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Lawrimore et al. [83] has been able to estimate the degree of extension of a single molecule 

attached to a separated sister kinetochore pair at metaphase in budding yeast. The chromatin 

is stretched beyond the 7X compaction of nucleosomal DNA relative to B-form DNA, with 

approximately 30% of the nucleosomes evicted [83]. The force required to evict 

nucleosomes has been measured in a number of in vitro conditions. The consensus is that 

approximately 20 pN of force is required to “pop” histone octamers from chromatin in vitro 

in buffer [88]. However, these experiments are performed in buffer conditions lacking active 

nucleoplasm. In the presence of soluble protein extract from Xenopus eggs, the amount of 

force is on the order of 2 pN [89]. As the in vivo measurements are more comparable to the 

extract situation, we estimate that chromatin on the spindle axis experiences on the order of 

several piconewtons. This is within the range estimated from the metaphase force (3–7 pN) 

at the kinetochore (Table 1).

How cohesion and condensin strengthen and structure the pericentromeric 

chromatin spring

Using a combination of high resolution spatial mapping of labeled DNA (sub-diffraction 

limited) relative to the spindle axis, motion analysis of DNA foci vs. stretched chromatin, 

and coordinated motion and stretching of pericentromeric regions from different 

chromosomes, the pericentromere is best described as a cross-linked chromatin network [30, 

31, 83, 90]. The network is in the form of a bottle brush, where chromatin loops (linked via 

cohesin) are radially displaced relative to the microtubule spindle axis. Condensin lies along 

the spindle axis, due in part to its interactions with tRNA genes and their regulatory factors 

[91]. Condensin and chromatin along the spindle axis, continuing the analogy to a bottle 

brush, define the primary load-bearing axis. The centromere is at the distal tip of the primary 

axis, projected onto the surface of the chromosome (Fig. 5).

Studies in polymer physics reveal that a bottle brush polymer, with a high number of 

sidechains (i.e. crowded), can generate extensional forces outward/poleward that under 

particular conditions are strong enough to break covalent bonds [92–94]. In a computational 

model of a bottle brush, experimental measurements including size, shape and uniformity of 

cohesin (SMC3-GFP) can be simulated in the pericentromere [30, 83].

The bottlebrush provides a mechanistic understanding for several outstanding problems. 

Firstly, the bottlebrush provides a physical basis for how a floppy DNA chain can be 

converted into a stiff (relative to an entropic chain) spring. A fluctuating chain in a thermal 

bath will find the most entropically favored state, that of a random coil. As a random coil the 

chain is its most disordered. The addition of side chains relative to the primary chain (or 

primary axis), limits the ability of the primary chain to adopt a random coil, through limiting 

the number of states the primary chain can adopt. Additional side chains further restrict the 

motion of the primary axis until a point where they generate tension along the axis. In this 

way, enthalpic energy put into making chains, results in entropic forces of the brush where 

tension in the chains amplifies tension along the primary axis. Thus chromatin loops 

significantly change the state of the centromere from a floppy chromatin polymer into a stiff 

chromatin network. Secondly, when chromosomes become bi-oriented, they continue to 
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oscillate from pole to pole, accompanied by continual microtubule growth and shortening. 

Based on the FRET measurements, the drag forces (and tension) on Ndc80c and the Dam1 

ring change direction depending on whether the microtubule is in a growth or shortening 

state [58]. Tension in Ndc80c will therefore fluctuate in concert with microtubule dynamics. 

Furthermore, whether in yeast where 16 kinetochores in each half spindle are clustered, or a 

metazoan kinetochore such as human, where there are multiple microtubule attachment sites 

per kinetochore, individual microtubules are fluctuating independent of one another. How 

the checkpoint copes with these stochastic fluctuations is not known. The bottlebrush 

network provides a solution if tension is integrated across the sister kinetochores, thus 

equalizing tension at the individual kinetochores.

Conclusions

The introduction of tension biosensors into a eukaryotic kinetochore provides a probe to 

query the relative contributions of the various sub-domains that in aggregate comprise the 

kinetochore. The N-terminal tail of Ndc80, while not essential for cellular life [68], makes a 

major contribution to force within the Ndc80 molecule [58]. Mutants in the Dam1 ring 

(Dam1-765) that maintain centromere stretch, alleviate tension within Ndc80. Tension could 

be transferred to the Dam1 ring in the Dam1-765 mutant, other kinetochore components, or 

reduced in the ensemble. In either of these cases, these studies indicate the complexity of 

force transduction through the kinetochore and the utility of tension biosensors and need to 

place them elsewhere in the kinetochore as has been recently accomplished for CENP-C in 

Drosophila [29]. There is still much to be learned about how the Ndc80 complex and the 

proteins that bind to it function at the kinetochore microtubule interface and control the 

spindle checkpoint through use of the Ndc80 tension sensor in mammalian kinetochores.

Centromere chromatin presents its own enigma. Molecular models have been built that 

provide a mechanistic basis for how megabases of floppy DNA can build tension. How the 

centromere builds and retains morphology (and cohesin its uniform barrel structure) in a 

dynamic system where individual chromatin chains are fluctuating and pulling microtubules 

lead to kinetochore deformation at the surface of the centromere [28] remains to be 

determined. Using polymer physics as our guide, slip link gels are known to retain their 

elastic and tensile moduli properties over several orders of magnitude [95, 96]. It has been 

known for almost half a century that chromosomes expand and contract upon removal and 

return of mono- and divalent ions [97], and depending on the treatment retain their original 

structure (e.g. such as their macroscopic banding pattern). The concentration of ring 

complexes such as cohesin and condensin in the pericentromere may be indicative of the 

slip-link property of centromeres.
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Figure 1. 
Structural organization of the major kinetochore constituents at the microtubule plus-end. 3-

D visualization of the metaphase budding yeast kinetochore-microtubule attachment as 

predicted by the protein localization data assuming a symmetric arrangement of kinetochore 

protein complexes around the cylindrical microtubule lattice. Ndc80c shown as blue/yellow 

and red/green coiled-coils in A and B with more detail. A: The MIND complex (Mtw1, 

Nnf1, Nsl1 and Dsn1) (gray/green ovoids and yellow/blue balls) provide the linkage from 

Ndc80c to COMA. COMA (Ctf19, Okp1, Mcm21, and Ame1) dk and lt blue triangles and 

purple spheres. Mif2 is depicted in red, the Cse4 containing nucleosome in shades of purple 

wrapped by a DNA double strand (yellow fiber). B: Structural view of Ndc80c, including 

the Ndc80 loop domain and the site of insertion of the FRET biosensor [53].
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Figure 2. 
Three different types of kinetochore microtubule and centromere stretch dynamics in 

metaphase (M) and anaphase A (A) exhibited by different kinds of mitotic or meiotic 

eukaryotic cells. Type I: No flux of kinetochore microtubules that extend between the 

kinetochore and the pole; kMTs lengthen and shorten at their kinetochore-attached plus ends 

(kinetochore directional instability), e.g. budding yeast. Type II: Flux of kinetochore 

microtubules and kinetochore directional instability, e.g. animal tissue cells. Type III: Flux 

of kinetochore microtubules coupled to polymerization at kinetochores until loss of tension 

in anaphase causes a switch to depolymerization or polymerization at kinetochores much 

slower than flux [42]); kinetochore oscillations are minimized, e.g. spermatocytes, oocytes, 

early embryos, and higher plants, Xenopus extract spindles, and Drosophila S2 tissue cells. 

The kinetochores (yellow box) are relatively stiff in metaphase.
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Figure 3. 
Estimate mean force measured by FRET BioSensor. A: Measured values of FRET efficiency 

for control metaphase and late anaphase, and for cells treated with low-dose benomyl 

(55μM). B: FRET efficiency versus Emission Ratio shows linear dependency. C: FRET 

efficiency versus distance between fluorophores. Inset shows FRET in cell with the Ndc80 

biosensor. The outline of the budded cell (white) and clusters of bi-oriented Ndc80 in 

metaphase are shown. The four dotted lines in the graph represent the position of No tension 

in solution (lt. brown), Late Anaphase (yellow), Benomyl 55μm (dk brown), and Metaphase 

(purple). D: Estimated force extension curve calculated using worm like chain (see WLC 

equation in text).
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Figure 4. 
Models for the Ndc80 force coupler during polymerization in wild type and consequences of 

Dam1 mutants in which the kinetochore dislocates from the microtubule plus-end [58]. A: 
During polymerization, force from centromere stretch pulls the Ndc80 force coupler along 

kMTs with the microtubule binding domains of Dam1 and Ndc80 under tension. During 

depolymerization, forces from peeling protofilaments push the Dam1 and Ndc80 complexes 

along kMTs towards the pole to stretch the centromere; the MTBDs of both Dam1 and 

Ndc80 are under compression (not shown). C: Mutations in Dam1 that increase friction 

between Dam1 and the microtubule lattice may prevent kinetochores from keeping up with 

the ends of polymerizing microtubules, leading to dislocation of the kinetochore from the 

MT plus-end [70]. Ndc80 resistive tension (green arrow in C) from centromere stretch is 

reduced in this state with increased Dam1 friction (blue arrow in C). B and D: Snapshots of 

movies derived from 600 s duration simulations presented in [58], showing kinetics for all 

16 sister kinetochore pairs and their centromere stretch. See Supporting Information to view 

the movies. B: WT, D: dam1 mutant.
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Figure 5. 
Packing of pericentric chromatin loops between sister kinetochores in metaphase as a 

mechanism to increase stiffness. A: The pericentromeric chromatin from one replicated 

chromosome is shown. The DNA is depicted as beads on a string chromatin (pink circles). 

The centromeres (defined at the site of attachment to kMTs) from each sister chromatid are 

at the distal ends of the primary loop, in contact with a kMT (kMTs are in green). The 16 

kMTs in the metaphase spindle emanate from the spindle pole body (red oval). The 

pericentric chromatin is organized as loops radiating from the primary loops (radial loops), 

depicted as four loops for each sister strand, a total of eight loops between the sister 

kinetochores. Cohesin (black rings) hold sister chromatid arms together, and pericentric 

cohesin links intra-strand loops. Chromosome arms (away from the pericentric region) 

extend north and south. B: Visualization of pericentric DNA in living cells. Left, schematic 

of spindle poles (red spheres) connected to a circular chromosomal DNA (small spheres) via 

kinetochore microtubules (black rods). The DNA will appear as a foci off the spindle axis 

(top) or as a linear array on the spindle axis (bottom). To the right of the schematic are 

shown images of live cells. The poles are indicated in red and the lacO DNA in green.
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