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Abstract 11 

The Spindle Assembly Checkpoint (SAC) maintains genomic integrity by preventing 12 

anaphase until all kinetochores attach to the spindle. What specific signals are required for SAC 13 

satisfaction at mammalian kinetochores, and in what magnitude, are not well understood and 14 

central to understanding SAC signal processing and function. Here, we directly and 15 

independently tune candidate input signals – spindle forces and Hec1-microtubule binding – 16 

and map SAC outputs. By detaching microtubules from the spindle, we first demonstrate that 17 

the SAC does not respond to changes in spindle pulling forces. We then tune and fix the fraction 18 

of Hec1 molecules capable of microtubule binding, and interpret SAC output changes as coming 19 

from changes in binding, and not spindle forces. While the speed of satisfaction reduces with 20 

fewer attached microtubules, the kinetochore turns off the SAC even with few – approximately 21 

four – such microtubules. Thus, the mammalian kinetochore responds specifically to 22 
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microtubule binding, and does so as a single, switch-like, sensitive unit. This may allow the 23 

kinetochore to rapidly react to attachments and maintain a robust response despite dynamic 24 

microtubule numbers. 25 

 26 

Introduction  27 

 28 

 The Spindle Assembly Checkpoint (SAC) protects genomic integrity by preventing 29 

anaphase until all kinetochores attach to the spindle (Rieder et al., 1995). Unattached 30 

kinetochores, and certain improperly attached ones, recruit Mad1 and Mad2, which generate 31 

an anaphase-inhibitory signal (Chen et al., 1998; De Antoni et al., 2005; Maldonado and Kapoor, 32 

2011). By metaphase, mammalian kinetochores bind 15-25 microtubules (McEwen et al., 1997; 33 

Wendell et al., 1993), are under spindle forces, and have lost Mad1/2. What specific signals are 34 

required for SAC satisfaction, and in what magnitude, are not well understood and are key to 35 

understanding SAC signal processing and function. One challenge to defining how a given input 36 

signal quantitatively maps to SAC outputs is that of directly controlling and tuning candidate 37 

signals – spindle forces and microtubule plus-end binding (London and Biggins, 2014) – inside 38 

cells.  Another is that  these candidate signals are interdependent (Akiyoshi et al., 2010; King 39 

and Nicklas, 2000) and hard to uncouple. 40 

 There are many indications that force across sister kinetochores (across the centromere) 41 

is not required for SAC satisfaction (Etemad et al., 2015; Magidson et al., 2016; O’Connell et al., 42 

2008; Tauchman et al., 2015; Waters et al., 1998), and that spindle force on a kinetochore is 43 

insufficient for SAC satisfaction without proper attachment (Kuhn and Dumont, 2017). 44 
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However, whether force from the spindle on a single kinetochore is necessary for SAC 45 

satisfaction in normal conditions remains unclear. For example, while mono-attached 46 

kinetochores can satisfy the SAC despite not generating force across the centromere (Etemad 47 

et al., 2015; O’Connell et al., 2008; Tauchman et al., 2015), this could be caused by opposing 48 

forces on individual kinetochores through outward spindle forces on chromosome arms (Cane 49 

et al., 2013; Drpic et al., 2015; Maresca and Salmon, 2009; Uchida et al., 2009). Further, 50 

inhibiting pulling forces by suppressing microtubule dynamics does not prevent SAC satisfaction 51 

(Magidson et al., 2016; Waters et al., 1998), but this could be due to altered dynamics. Finally, 52 

recent evidence suggests that centromere tension may still play a role in certain scenarios 53 

(Janssen et al., 2018). Better spatial and temporal control of microtubule pulling forces on 54 

kinetochores – without affecting microtubule binding – is required to determine whether 55 

spindle forces are required for SAC satisfaction. 56 

 Regardless of the spindle force generated, kinetochore-microtubule interactions are 57 

essential for controlling Mad1/2 levels (Etemad et al., 2015; Kuhn and Dumont, 2017; 58 

Tauchman et al., 2015; Waters et al., 1998). The kinetochore protein Hec1/NDC80 is key both 59 

for microtubule plus-end binding (Cheeseman et al., 2006; DeLuca et al., 2006) and SAC 60 

signaling (McCleland et al., 2003). How Hec1-microtubule interactions cooperate to form a 61 

kinetochore-fiber (k-fiber; microtubule bundles attaching to chromosomes) and pull on a 62 

kinetochore, and how they inform SAC signaling output and kinetics, are poorly understood. In 63 

mammalian cells, the number of kinetochore-microtubules (input) is widely variable (analog), 64 

unlike in budding yeast where it is zero or one (Peterson and Ris, 1976): each metaphase 65 

kinetochore binds ~20 microtubules (McEwen et al., 1997; Wendell et al., 1993), with around 66 
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80 of its ~250 Hec1 copies binding microtubules at a given time (Suzuki et al., 2015; Yoo et al., 67 

2018). The number of kinetochore-bound Mad1 molecules and the cytoplasmic SAC strength 68 

are also analog (Collin et al., 2013; Dick and Gerlich, 2013; Heinrich et al., 2013). We know that 69 

satisfaction can begin with half of a full microtubule complement (Dudka et al., 2018; Kuhn and 70 

Dumont, 2017), but do not know the quantitative relationship between microtubule input and 71 

SAC output. To map this relationship, it is necessary to fix and control the normally dynamic 72 

number of kinetochore-microtubules without perturbing microtubule dynamics or essential 73 

kinetochore functions.  74 

 Here, we develop approaches to acutely remove spindle forces on individual 75 

kinetochores while maintaining microtubule attachment, and to control the level of Hec1-76 

microtubule occupancy – while quantifying the SAC’s output. We demonstrate that spindle 77 

force generation is not required to maintain SAC satisfaction, suggesting that Mad1 levels are 78 

only linked to microtubule attachment. By tuning and fixing the quantity and binding affinity of 79 

Hec1 at individual kinetochores, we gradually adjust the number of attached microtubules: we 80 

show that while reducing this number slows Mad1 loss rates, only four or fewer attached 81 

microtubules are ultimately required to satisfy the SAC. Thus, the mammalian kinetochore acts 82 

as a single processing unit that responds exclusively and sensitively to microtubule attachments 83 

in a manner that ensures accuracy while preventing mitotic delays.   84 

 85 

Results 86 

 87 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 6, 2018. ; https://doi.org/10.1101/463471doi: bioRxiv preprint 

https://doi.org/10.1101/463471
http://creativecommons.org/licenses/by-nc-nd/4.0/


To determine whether the SAC responds to spindle pulling forces on kinetochores, we 88 

developed a laser ablation assay to mechanically isolate a k-fiber from a metaphase spindle in 89 

mammalian PtK2 cells (Fig. 1A, Video 1). We expressed EGFP-tubulin and Hec1-EGFP (in a Hec1 90 

RNAi background (Guimaraes et al., 2008)) to assist k-fiber ablation and response tracking. 91 

Based on previous work (Elting et al., 2017; Kajtez et al., 2016), we cut the k-fiber close to its 92 

kinetochore to minimize residual spindle connections and forces; without these the ablated k-93 

fiber (stub) cannot exert pulling forces to move kinetochores. Unlike previous approaches, 94 

removing pulling forces prevents force generation on individual mature metaphase 95 

kinetochores regardless of pushing forces on chromosome arms (Rieder et al., 1986). If SAC 96 

satisfaction requires spindle pulling forces, acutely removing them on attached kinetochores 97 

should re-recruit Mad1/2. To allow time for Mad1/2 recruitment (~1.5 min) (Dick and Gerlich, 98 

2013; Pines and Clute, 1999), we prevented force generation from k-fiber-spindle 99 

reincorporation (Elting et al., 2014; Sikirzhytski et al., 2014) by repeatedly ablating the k-fiber 100 

and partially knocking down NuMA (Elting et al., 2014), a protein essential for reincorporation 101 

(Hueschen et al., 2017). As predicted for the removal of spindle connections, during ablation 102 

the interkinetochore (K-K) distance dropped to values comparable to that in nocodazole 103 

(1.11±0.04 µm) (Fig. 1A-B), the disconnected kinetochore persistently moved away from its pole 104 

(Fig. 1C) (Khodjakov and Rieder, 1996), and we could not detect significant microtubule 105 

intensity between the k-fiber stub and spindle body (Fig. 1A, Video 1).  Thus, the above method 106 

removes productive force generation at individual kinetochores.   107 

To assess SAC signaling after prolonged loss of force, we fixed each ablated cell (3-5 min 108 

after the initial cut), stained for Mad2, kinetochores, and tubulin (Fig. 1D, top) and re-imaged 109 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 6, 2018. ; https://doi.org/10.1101/463471doi: bioRxiv preprint 

https://doi.org/10.1101/463471
http://creativecommons.org/licenses/by-nc-nd/4.0/


each cell. There was no increase in kinetochore Mad2 intensity with an ablated k-fiber versus 110 

controls with no ablation in the same cell (Fig. 1D, top, and 1E, p=0.45), while unattached 111 

kinetochores in nearby cells had higher Mad2 intensity (Fig. 1D, bottom, and 1E, p=10-4). 112 

Ablating k-fibers led to a decrease in K-K distance compared to control pairs in the same cell 113 

(Fig. 1F, 1.12±0.04 vs 2.09±0.05 µm, p=10-4), but indistinguishable from pairs in nocodazole-114 

treated cells (1.12±0.04 vs 1.11±0.04 µm, p=0.40). We also did not detect loss in k-fiber 115 

microtubule intensity after ablation (Fig. 1G, p=0.42), implying that the timescale of any force-116 

based microtubule destabilization is longer than the time we allow. While these kinetochores 117 

do not re-recruit Mad2 despite losing spindle pulling forces (Fig. 1B-C, F), nocodazole-treated 118 

kinetochores re-recruit Mad1 on the same timescale as microtubule loss (Fig. S1). We conclude 119 

that the SAC does not detect changes in spindle pulling forces – even in the scenario of a k-fiber 120 

isolated from the spindle. Thus, microtubule binding itself controls SAC satisfaction at individual 121 

kinetochores. 122 

After eliminating spindle forces as a confounding variable, we asked how microtubule 123 

attachment numbers are converted into a SAC response. Previous work suggested that Mad1 124 

loss begins at about half of metaphase microtubule occupancy (Kuhn and Dumont, 2017). 125 

However, the decision to satisfy the SAC could have occurred before Mad 1 loss began. To test 126 

how steady-state microtubule attachment numbers affect SAC signaling, we reduced them by 127 

expressing a Hec1 variant (Hec1-9D-FusionRed) with greatly reduced microtubule affinity 128 

(Guimaraes et al., 2008; Zaytsev et al., 2015, 2014) in PtK2 Hec1 siRNA cells, and monitored 129 

EYFP-Mad1 loss dynamics during attachment formation (visualized using SiR-Tubulin 130 

(Lukinavičius et al., 2014)). While the Mad1 loss rate does not increase with higher attachment 131 
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number (Kuhn and Dumont, 2017), we find that it decreases with decreased numbers (Fig. 2A-132 

C, t1/2 = 190 s in Hec1-9D vs 79 s in wildtype, Video 2). A decrease in K-K distance versus 133 

wildtype (Fig. 2D, 1.49±0.03 vs 1.90±0.08 µm, p = 10-6) confirms a reduction in kinetochore-134 

microtubule affinity and attachment number in Hec1-9D cells (Guimaraes et al., 2008). We 135 

conclude that the kinetochore responds to reduced microtubule levels by tuning the dynamics 136 

of its SAC response. While we still detected complete loss of Mad1 (Fig. 2B), the decreased rate 137 

of a Mad1 loss may impede satisfaction on weak attachments, allowing time for attachment 138 

reinforcement or error correction.   139 

To quantify how microtubule attachment number and the SAC response scale with 140 

Hec1-microtubule binding levels, we developed a system to control the number of Hec1-141 

microtubule interactions in an inducible Hec1 knockout HeLa cell line (Hec1Δ cells) (McKinley 142 

and Cheeseman, 2017). We reasoned that Hec1 RNAi + Hec1-9D cells (Fig. 2) may still satisfy the 143 

SAC and have a significant K-K distance due to residual Hec1-WT, and turned to Hec1 knockout 144 

cells.  By deleting endogenous Hec1 (Fig. S2A-B) and co-expressing weak-binding Hec1-9D-145 

FusionRed and metaphase-like affinity Hec1-1D8A-EGFP (Hec1-1D) (Zaytsev et al., 2014) (Fig. 146 

3A), we created kinetochores with a variable mixture of Hec1 molecules with different 147 

affinities, indicated by the relative amounts of EGFP and FusionRed. Unlike the use of 148 

intermediate Hec1 affinity mutants, this approach limits the maximum number of Hec1 149 

molecules bound to microtubules directly (Fig. 3A), without tuning the lifetime or affinity of 150 

individual Hec1-microtubule interactions, which could alter their ability to signal to the SAC 151 

(Hiruma et al., 2015; Ji et al., 2015). To probe the relationship between the functional Hec1 152 

number and microtubule attachment number, we incubated Hec1Δ cells in proteasome 153 
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inhibitor MG132 for 1 hr to allow kinetochores to reach steady-state attachment number and 154 

then fixed and stained for microtubules, EGFP, and FusionRed (Hec1-9D). As expected, high 155 

Hec1-1D cells formed robust microtubule attachments and high Hec1-9D cells did not (Fig. 3B, 156 

S2C). As the fraction of Hec1-1D increased, attachments produced more force as measured by 157 

the K-K distance (Fig. 3C, Spearman’s rho=0.35 p=10-21), and the intensity of end-on 158 

microtubule attachments rose in a graded, analog way (Fig. 3D, Spearman’s rho=0.38, p=10-26).  159 

Thus, this approach (the “mixed kinetochore” system) allows us to tune and fix kinetochore-160 

microtubule numbers in a graded and quantifiable way, and reveals weak attachment 161 

cooperativity between Hec1 subunits in the in vivo native kinetochore, similar to in vitro 162 

measurements (Cheeseman et al., 2006; Ciferri et al., 2008; Zaytsev et al., 2015).   163 

We then used this mixed kinetochore system to map how kinetochores with different 164 

Hec1-microtubule binding levels coordinate a SAC output response (Fig. 4A). It is possible that 165 

every Hec1 molecule in the proposed outer kinetochore “lawn” (Zaytsev et al., 2014) functions 166 

independently, reducing Mad1 levels in a gradual, analog fashion as more Hec1s bind 167 

microtubules (Fig. 4A, top). Alternatively, the kinetochore could integrate information from all 168 

Hec1 binding sites and set a threshold fraction of Hec1s attached where the SAC turns off in a 169 

digital fashion (Fig. 4A bottom). To distinguish between these scenarios, we treated Hec1Δ cells 170 

expressing Hec1-9D or Hec-1D or varying mixtures of both with MG132 for 1 hr and then fixed 171 

and stained for Mad1, GFP (Hec1-1D), and FusionRed (Hec1-9D) (Fig. 4B). Cells with high Hec1-172 

9D had many more Mad1-positive kinetochores than cells with high Hec1-1D (Fig. 4B-C, S3). 173 

Using the relationship between the Hec1-1D (EGFP) fraction and microtubule intensity in 174 

parallel experiments (Fig. 3D), we estimated that the lowest fraction EGFP mixed kinetochores 175 
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(0.14) have ~22% of wildtype microtubule levels – about four attached microtubules (Wendell 176 

et al., 1993) (Fig. S3B). At these levels, many kinetochores had no detectable Mad1 (Fig. 4C, 177 

~60%), suggesting that the increase in Mad1-positive kinetochores at low Hec1-9D reflects a 178 

change in kinetics (Fig. 2) rather than ability to satisfy the SAC. We conclude that approximately 179 

four microtubules are sufficient for SAC satisfaction. SAC satisfaction with few microtubule 180 

attachments and many Hec1s that cannot bind microtubules subunits implies that the 181 

kinetochore integrates attachment information and does so in a switch-like manner (Fig. 4A 182 

bottom). Taken together, our data indicate that the mammalian kinetochore exclusively 183 

monitors microtubule attachment, and responds as a single unit even with few kinetochore-184 

microtubules and a reduced number of bound Hec1s (Fig. 5).  185 

 186 

Discussion 187 

 188 

 In the SAC, the kinetochore acts as a subcellular computer: it accepts inputs from the 189 

environment, processes them, and produces an output controlling cell cycle progression. While 190 

we are defining the necessary attachment inputs, the outputs (Mad1 localization), and the 191 

kinetochore “hardware” (kinetochore structure and SAC biochemistry), we know little about its 192 

“software”: how different inputs are sensed and how inputs and outputs are quantitatively 193 

related. Here, we show that the kinetochore is not sensitive to mechanical force (Fig. 1). 194 

Instead, the kinetochore is programmed to respond to microtubule attachment number in two 195 

ways (Fig. 5): the magnitude of the SAC response (rate of Mad1 loss) scales with the level of 196 
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microtubule attachment (Fig. 2), and the kinetochore decision-making process (initiation of 197 

Mad1 loss) is digital, where the SAC is satisfied with four microtubules (Fig. 3-4). 198 

The link between mechanical force and kinetochore-microtubule attachment inputs has 199 

made dissecting how they modulate SAC activity challenging. K-fiber laser ablation (Fig. 1) 200 

allowed us to remove spindle pulling forces without perturbing global microtubule dynamics or 201 

kinetochore proteins. As such, our findings provide the most direct demonstration that the SAC 202 

does not detect spindle-generated forces at individual kinetochores. If the intra-kinetochore 203 

deformations which may be involved in SAC signaling (Maresca and Salmon, 2009; Uchida et al., 204 

2009) persist after ablation, our data shows they do not reflect force levels relevant for 205 

kinetochore mechanical function. Recently, it was observed that tensionless, attached 206 

kinetochores activate the SAC after depletion of Kif18A or Astrin (Janssen et al., 2018). It is 207 

possible that either depleting these proteins alters kinetochore-microtubule attachments 208 

(Shrestha et al., 2017; Stumpff et al., 2012) or SAC function, or that spindle forces are needed 209 

for establishing but not maintaining SAC satisfaction. Notably, unlike force, plus-end 210 

microtubule attachments only stably exist in bioriented kinetochores (King and Nicklas, 2000). 211 

Therefore, for kinetochores to monitor microtubule occupancy may enhance the SAC’s 212 

reliability. 213 

 The removal of Mad1 from individual kinetochores is likely controlled by one rate-214 

limiting step (Kuhn and Dumont, 2017). By reducing the number of kinetochore-bound 215 

microtubules, we show that this process (downstream of decision-making) is tuned by 216 

microtubule number (Fig. 2). This may be related to microtubules’ role as tracks for dynein 217 

transport of Mad1/2 from the kinetochore (Howell et al., 2001): reducing the number of dynein 218 
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tracks could reduce SAC protein stripping kinetics. Previously, neither changing centromere 219 

tension nor increasing attachment number affected Mad1 loss rates (Kuhn and Dumont, 2017), 220 

suggesting that wildtype kinetics are limited by dynein concentration or kinetochore 221 

biochemistry. Linking Mad1 loss rates to attachment status may prevent rapid satisfaction on 222 

incorrect attachments. This is critical because microtubule detachment (error correction) at low 223 

force is slow (Fig. 1) and the SAC begins to satisfy with few kinetochore-bound microtubules 224 

(Fig 4).  225 

 Using mixed kinetochores, we probed how the disordered kinetochore “lawn” works as 226 

an ensemble to control k-fiber structure and kinetochore decision-making. We found that the 227 

number of k-fiber microtubules scales gradually with functional Hec1 (Fig. 3), indicating a lack of 228 

cooperativity which may prevent reinforcement of incorrect attachments. In contrast, the 229 

relationship between microtubule binding and the SAC is switch-like and sensitive (Fig. 4): many 230 

satisfied kinetochores in our assay likely cannot reach metaphase levels of microtubule-bound 231 

Hec1 (32%) (Yoo et al., 2018). The response to low attachment number requires integrating 232 

attachment information over the kinetochore (Fig. 5). Feedback between SAC kinases and 233 

phosphatases could amplify small decreases in kinase activity, creating a switch-like response 234 

(Funabiki and Wynne, 2013; Nijenhuis et al., 2014; Saurin et al., 2011). There are two recent 235 

models for how microtubule binding could reduce kinase activity: occupying Mps1 binding sites 236 

(Hiruma et al., 2015; Ji et al., 2015) or displacing kinases from substrates (Aravamudhan et al., 237 

2015; Hengeveld et al., 2017). In a competition model, the signal amplification we observe 238 

explains how metaphase kinetochores with highly variable attachment number and some Mps1 239 
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localization (Howell et al., 2004) lose Mad1; in a displacement model, our data suggest that 240 

displacement does not reflect relevant changes in mechanical force. 241 

 The low number of kinetochore-microtubules required for SAC satisfaction not only has 242 

important implications for how the kinetochore “computes”, but also for how it functions in a 243 

cellular context. For example, this low number may prevent high variability in kinetochore-244 

microtubule numbers (McEwen et al., 1997) from causing mitotic delays which lead to DNA 245 

damage and cell death (Orth et al., 2012; Uetake and Sluder, 2010). Looking forward, probing 246 

how the number of required kinetochore-microtubules changes after modifying kinetochore 247 

structure and biochemistry will be critical to understanding how the kinetochore processes 248 

physical information into a robust signaling biochemical response.   249 

 250 

 251 

Materials and Methods 252 

 253 

Cell culture and transfection: 254 

PtK2 EYFP-Mad1 (Shah et al., 2004) (gift from Jagesh Shah) and wild type cells were 255 

cultured in MEM (Thermo Fisher, Waltham, MA) supplemented with sodium pyruvate (11360; 256 

Thermo Fisher), nonessential amino acids (11140; Thermo Fisher), penicillin/streptomycin, and 257 

10% heat-inactivated fetal bovine serum (FBS) (10438; Thermo Fisher). Tet-on inducible CRISPR-258 

Cas9 HeLa cells (Hec1Δ cells, gift from Iain Cheeseman, Whitehead Institute) were cultured in 259 

DMEM/F12 with GlutaMAX (10565018; Thermo Fisher) supplemented with 260 

penicillin/streptomycin, 5 μg/mL puromycin, and tetracycline-screened FBS (SH30070.03T; 261 
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Hyclone Labs, Logan, UT). Cas9 expression was induced by the addition of 1 μM doxycycline 262 

hyclate 48 hr before fixation. Knockout was confirmed by Western Blot and the accumulation of 263 

mitotic cells after doxycycline addition. Cell lines were not STR-profiled for authentication. All 264 

cell lines tested negative for mycoplasma. Cells were maintained at 37°C and 5% CO2. For 265 

imaging, cells were plated on 35 mm #1.5 glass-bottom dishes (poly-d-lysine coated, MatTek, 266 

Ashland, MA; Fig. 2, S1), 25 mm # 1.5 glass etched coverslips (acid cleaned and poly-L-lysine 267 

coated; G490; ProSciTech, Kirwan, AUS; Fig. 1), or 25 mm # 1.5 glass coverslips (acid cleaned 268 

and poly-L-lysine coated; 0117650; Marienfeld, Lauda-Königshofen, DEU; Fig. 3, 4 S2, S3). Cells 269 

were transfected with EGFP-Tubulin (Clontech, Mountain View, CA, discontinued), Hec1-WT-270 

EGFP (gift from Jennifer DeLuca, Colorado State University), mCherry-CenpC (gift from Aaron 271 

Straight, Stanford University), Hec1-8AS8D-EGFP (1D-EGFP; gift from J. DeLuca, Colorado State 272 

University), and Hec1-9D-FusionRed (FusionRed (gift from Michael Davidson) was swapped for 273 

EGFP in Hec1-9D-EGFP (gift from Jennifer DeLuca, Colorado State University)) using ViaFect 274 

(E4981; Promega, Madison, WI) 48 hr (HeLa) or 72 hr (PtK2) before imaging. For siRNA 275 

knockdown, cells were treated with 100 nM siRNA oligos (Sigma-Aldrich, St. Louis, MO) and 4 µl 276 

oligofectamine (12252011; Thermo Fisher) either 6 hr (Fig. 1) or 24 hr (Fig. 2) after transfection 277 

(66 or 48 hr before imaging, respectively). The following oligos were used: siNuMA: 5′-278 

GCATAAAGCGGAGACUAAA-3′ (Elting et al., 2017); siHec1 5’-AATGAGCCGAATCGTCTAATA-3’ 279 

(Guimaraes et al., 2008).   280 

 281 

Immunofluorescence:  282 
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For “ablate and fix” experiments (Fig. 1), cells were fixed in 95% methanol + 5 mM EGTA 283 

for 1 min on ice. Cells were then blocked at room temperature for 1.5 hr in TBST (50 mM Tris, 284 

150 mM NaCl, 0.05% Triton X100, pH 7.6) + 2% BSA. Primary and secondary antibody 285 

incubations were done in blocking solution for 1 hr and 30 min, respectively. Between each 286 

step, 4-5 washes in TBST were performed. For “mixed kinetochore” immunofluorescence (Fig. 287 

3, 4, S2, S3), cells were pre-extracted in PHEM (120 mM PIPES, 50 mM HEPES, 20 mM EGTA, 4 288 

mM Magnesium Acetate, pH 7) + 1% Triton X-100 for 20 s then fixed for 15 min in PHEM + 4% 289 

PFA (freshly dissolved from powder) at 37⁰C. Cells were then permeabilized in PHEM + 0.5% 290 

IGEPAL-CA-630 for 10 min and blocked in PHEM + 0.05% Triton X-100 + 2% BSA for 1 hr at room 291 

temperature. Both the primary and secondary antibody incubations were done in block solution 292 

at 37⁰ for 1 hr. Between each step (excluding pre-extraction), 4-5 min washes in PHEM + 0.05% 293 

Triton X-100 were performed; PFA staining protocol adapted from (Suzuki et al., 2018). For all 294 

experiments, cells were mounted in ProLong Gold (P10144; Thermo Fisher) and stored in the 295 

dark at 4 ⁰C. The following antibodies were used: mouse anti-α-tubulin DM1 (1:1,000; T6199; 296 

Sigma-Aldrich), human anti-centromere (CREST; 1:25; discontinued; Antibodies Inc., Davis, CA), 297 

rabbit anti-rat kangaroo-Mad2 (DeLuca et al., 2018; Kuhn and Dumont, 2017) (1:100), mouse 298 

anti-Hec1 (9G3; 1:100, ab3613; Abcam), rabbit anti-mKate (recognizes FusionRed) (1:200; 299 

TA150072; OriGene, Rockville, MD), mouse anti-hsMad1 (1:300; MABE867; EMD-Millipore, 300 

Burlington, MA), rabbit anti-alpha-tubulin (1:200; ab18251; Abcam, Cambridge, UK), camel anti-301 

EGFP conjugated to Atto488 (1:100; added during secondary; gba-488; ChromoTek, Hauppauge, 302 

NY), anti-mouse secondary antibodies (1:500) conjugated to Alexa-488 (A11001; Invitrogen, 303 

Carlsbad, CA) or Alexa-647 (A21236; Invitrogen), anti-rabbit secondary antibodies (1:500) 304 
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conjugated to Alexa-488 (A11008; Invitrogen), Alexa-568 (A11011; Invitrogen) or Alexa-647 305 

(A21244; Invitrogen), and a human secondary antibody conjugated to DyLight 405 (1:100; 109-306 

475-098; Jackson ImmunoResearch Laboratories, West Grove, PA). 307 

 308 

Drug and dye treatments:  309 

To depolymerize spindle microtubules (Fig. 1, S1), 5 µM nocodazole (M1404; Sigma-310 

Aldrich) was added 10 min prior to fixation (Fig. 1) or 10 µM was added at the indicated time 311 

(Fig. S1). To prevent anaphase onset (Fig. 3,4, S2, S3) cells were treated with 5 µM MG132 312 

(474790; EMD-Millipore) 1 hr prior to fixation. To visualize tubulin as a third color (Fig. 2), 100 313 

nM SiR-Tubulin dye (cy-sc002; Cytoskeleton, Inc., Denver, CO) was added 1 hr prior to imaging, 314 

along with 10 µM verapamil (V4629; Sigma-Aldrich) to prevent dye efflux. 315 

 316 

Imaging:  317 

Microscope settings: 318 

All imaging was performed on an inverted (Eclipse Ti-E; Nikon, Tokyo, JPN), spinning disk 319 

confocal (CSU-X1; Yokogawa Electric Corporation, Tokyo, JPN) microscope. Single color live 320 

imaging (Fig. 1) was performed with a Di01-T488-13x15x0.5 (Semrock, Lake Forest, IL) head 321 

dichroic along with a 488 nm (120 mW) diode laser, an ET500LP emission filter (Chroma, 322 

Bellows Falls, VT), and an iXon3 camera (Andor Technology, Belfast, UK; bin=1, 105 nm/pixel). 323 

For these experiments, cells were imaged in phase contrast (400 ms exposure) and 324 

fluorescence (60 ms exposure) in 3 z-planes spaced 700 nm apart every 7.5-15 s with a 100× 325 
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1.45 Ph3 oil objective through a 1.5× lens with 5x pre-amplifier gain and no EM gain 326 

(Metamorph 7.7.8.0; Molecular Devices, San Jose, CA).  327 

Three-color live imaging (Fig. 2, S1) was performed with a Di01-T405/488/568/647 head 328 

dichroic (Semrock) instead, along with 561 nm (150 mW) and 642 nm (100 mW) diode lasers 329 

and different emission filters (ET525/50M, ET630/75M, and ET690/50M; Chroma). Cells were 330 

imaged by phase contrast (200 ms exposure) and fluorescence (40-75 ms exposure) in four z-331 

planes spaced 350 nm apart every 13-30 s and at bin=2 (to improve imaging contrast for dim 332 

Mad1 and microtubule structures; 210 nm/pixel). All live PtK2 cells were imaged at 30 °C, 5% 333 

CO2 in a closed, humidity-controlled Tokai Hit (Fujinomiya, JPN) PLAM chamber. 334 

 For fixed cell imaging (Fig. 1, 3, 4, S2, S3) a 405 nm (100 mW) laser was added along 335 

with an ET455/50M emission filter (Chroma) and two emission filters were changed to 336 

ET525/36M and ET600/50M (Chroma). Cell images were acquired in z-slices 300 nm apart with 337 

bin=1 and laser powers, exposure times, and EM Gain optimized (but not changed between 338 

cells) to fill as much of the dynamic range of the camera as possible without saturation. For 339 

mixed kinetochore experiments (Fig. 3, 4), all acquisition settings for EGFP and FusionRed were 340 

kept identical. 341 

Ablation Protocol: Laser ablation (20 3-ns pulses at 20Hz) with 551nm light was 342 

performed using the MicroPoint Laser System (Photonic Instruments, Belfast, UK). Images were 343 

acquired more slowly prior to ablation and then acquired more rapidly after ablation (typically 344 

7.5 s prior and 15 s after). Successful k-fiber ablation was verified by loss of tension across the 345 

centromere (Fig. 1). To prevent k-fiber reincorporation into the spindle (Elting et al., 2014; 346 
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Sikirzhytski et al., 2014), the spindle area around the k-fiber was also ablated concurrently and 347 

the minus-end of the k-fiber was re-ablated periodically prior to fixation. 348 

Cell selection: For laser ablation (Fig. 1), metaphase cells with minor pole-focusing 349 

defects and wavy spindle morphology, indicative of partial NuMA knockdown, and visible Hec1-350 

EGFP expression were chosen. In addition, Hec1 knockdown was confirmed by the lack of k-351 

fibers and irregular motion of chromosomes in EGFP-negative cells. For imaging Mad1 loss (Fig. 352 

2), prometaphase cells with moderate Mad1-EFYP expression, high Hec1-9D-FusionRed 353 

expression, and low average K-K distances (to indicate lack of strong attachments) were chosen. 354 

Hec1 knockdown was confirmed by the lack of k-fibers and irregular motion of chromosomes in 355 

FusionRed-negative cells. 356 

 357 

Data Analysis:  358 

Tracking and feature identification: For live ablation experiments (Fig. 1), kinetochores 359 

(Hec1-EGFP) and poles (EGFP-tubulin) were tracked by hand using a custom-made Matlab 360 

(Mathworks, Natick, MA) GUI (available here: https://github.com/DumontLab/Image-Analysis-361 

Gui). Pairs were then included in further analysis if they exhibited prolonged decrease in K-K 362 

distance after ablation. For live imaging of Mad1 intensity (Fig. 2), kinetochores were tracked as 363 

previously (Kuhn and Dumont, 2017), using Matlab program SpeckleTracker (Wan et al., 2012). 364 

For analysis of fixed images (Fig. 1, 3, 4, S2, S3), kinetochores were identified by hand in a 365 

custom Matlab GUI using the plane of brightest Hec1 or CREST intensity and K-fibers were 366 

identified as bundles of tubulin intensity (where applicable). 367 
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Intensity measurements: Fixed kinetochore intensities (Fig. 1, 3, 4, S2, S3) were 368 

measured in Matlab by summing pixel intensities in a 7x7 (0.73x0.73 µm) box centered at the 369 

indicated coordinate. To calculate the Mad2/CREST ratio (Fig. 1) and Mad1 kinetochore 370 

intensity (Fig. 4), intensities were background-corrected by dividing (Fig. 1) or subtracting (Fig. 371 

4) the kinetochore intensity by the average of three background intensities. To calculate the 372 

fraction EGFP (Fig. 3,4), the kinetochore EGFP intensity (background subtracted) was divided by 373 

the sum of the kinetochore EGFP and FusionRed intensity (both background subtracted). To 374 

calculate tubulin intensity on a given kinetochore, two 0.5 µm long intensity linescans were 375 

taken for each kinetochore: one (Tubin) perpendicular to the kinetochore-kinetochore axis 0.25 376 

µm away from the kinetochore towards its sister, and one (Tubout) perpendicular to the 377 

kinetochore-microtubule axis 0.25 µm away from the kinetochore towards the microtubule. 378 

The microtubule attachment intensity is the difference between Tubout and Tubin. To account 379 

for variance in staining between coverslips, all tubulin intensities were normalized to the 380 

intensity of a 7x7 pixel box centered on the spindle pole. 381 

To determine Mad1 loss rates (Fig. 2), we measured EYFP-Mad1 and FusionRed-Hec1-9D 382 

intensities at each timepoint following a protocol identical to the one used to measure Mad1 383 

loss rates previously (Kuhn and Dumont, 2017). In short, movies were thresholded by setting to 384 

zero all pixels <2 standard deviations above image background at the first frame. For each time 385 

point, the intensities of all pixels in a 5x5 pixel (1.05x1.05 µm) box around the kinetochore were 386 

summed together over all planes. t=0 was set to the time for each kinetochore where Mad1 387 

intensity started decreasing while Hec1 intensity stayed constant, and intensities were 388 

normalized to the average intensity for t=-100 to t=0 (Kuhn and Dumont, 2017). 389 
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Statistics: Data are expressed as mean ± SEM. Calculations of p-Values (Mann-Whitney 390 

U) and correlation coefficients (Spearman rank-order) were done using Scipy and Numpy  391 

Python modules. To calculate the relationship between the fraction EGFP and the number of 392 

attached microtubules, a linear regression (least-squares) was applied to the data using Scipy. 393 

The lower limit of fraction of a metaphase attachment is calculated as the ratio between 394 

attachment numbers at the minimum fraction EGFP (average, mixed kinetochores) and the 395 

attachment number at fraction EGFP=1. 396 

 397 
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Figure legends: 582 

Figure 1: The mammalian SAC does not detect changes in spindle pulling forces. (A) Timelapse 583 

imaging (maximum intensity projection) of microtubule attachments (EGFP-tubulin) and 584 

kinetochores (Hec1-EGFP) in a metaphase Hec1 RNAi + partial NuMA RNAi PtK2 cell, during the 585 

mechanical isolation of the highlighted k-fiber (circles) using laser ablation (red X, t=0). Bottom: 586 

schematic and zoom of highlighted pair. Scale bars=3 µm (large) and 1 µm (zoom). (B) Mean, 587 

SEM, and individual K-K distance of pairs before and after ablation (time of fixation is 588 

approximately 30 s from the end of trace). Vertical dashed line marks first ablation. Horizontal 589 

dashed line marks the average K-K distance in 5 µM nocodazole (n=30 kinetochores). Example 590 

in (A) is the purple trace. (C) Normalized distance along the pole axis for disconnected 591 

kinetochores before and after ablation. Dashed line marks first ablation. Example in (A) is the 592 

purple trace. (D) Immunofluorescence imaging (maximum intensity projection) of microtubule 593 

attachment (tubulin), kinetochores (CREST), and SAC activation (Mad2) at (top) the cell in (A) 594 

and (bottom) a prometaphase cell on the same dish at approximately t=3:40. Scale bars=3 µm 595 

(Large) and 1 µm (zoom). (D) Individual (circles) and average (lines) SAC activation 596 

(Mad2/CREST, normalized to prometaphase intensity) at the ablated kinetochore (n=5), 597 

intracellular controls (n=30), and prometaphase cells on the same dish (n=20). There is no SAC 598 

activation on sister kinetochores attached to an ablated k-fiber. (E) Individual (circles) and 599 

average (lines) K-K distance at ablated, intracellular control, and nocodazole-treated pairs from 600 

(B). Ablation reduces K-K distance to a value similar to that in nocodazole (p=0.40). (F) 601 

Microtubule attachment intensity at the ablated and intracellular control pair. There is no 602 

difference in attachment number. (*; p<0.005, n.s; p>0.05, 2-sided Mann-Whitney U test).  603 
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 604 

Figure 2: Lowering microtubule occupancy at a kinetochore slows down SAC satisfaction 605 

kinetics. (A) Timelapse imaging (maximum intensity projection) of representative SAC 606 

satisfaction kinetics (EYFP-Mad1) and microtubule attachment (SiR-Tubulin) in a Hec1-RNAi 607 

PtK2 cell with decreased spindle forces and kinetochore-microtubule occupancy (Hec1-9D-608 

FusionRed). Scale bars=3 µm (large) and 1 µm (zoom), and t=0 indicates the start of Mad1 loss 609 

on the orange-circled kinetochore.  (B) Mean, SEM, and individual trace of the orange-circled 610 

kinetochore in (A) of the Mad1-to-Hec1 intensity ratio with t=0 Mad1 loss start, and (C) 611 

distribution of times to reach a 0.5 intensity ratio of Mad1-to-Hec1, in wildtype (n=46 612 

kinetochores) and in Hec1-9D-expressing (n=46) cells. Reducing steady-microtubule occupancy 613 

lowers Mad1 loss rates. Wildtype data taken from Kuhn and Dumont 2017, JCB. (D) Individual 614 

(circles) and average (lines) K-K distance in wildtype (n=35 pairs) and Hec1-9D (n=38) cells. 615 

Tension is reduced in Hec1-9D vs wild type cells. (*; p<0.005, 2-sided Mann-Whitney U test). 616 

 617 

Figure 3: Kinetochore-microtubule occupancy scales with the number of functional Hec1 618 

subunits in a smooth, analog fashion. (A) Schematic depicting experimental design. After 619 

deleting endogenous Hec1, strong (Hec1-1D, blue) and weak (Hec1-9D, pink) microtubule-620 

binding mutants are expressed. Cells randomly receive different numbers of functional binders, 621 

and therefore have different microtubule occupancy. Unlike the expression of a single 622 

intermediate mutant, this approach limits the maximum number of Hec1 molecules on a 623 

kinetochore which can bind microtubules. (B) Immunofluorescence imaging (maximum 624 

intensity projection) of microtubule attachments (tubulin), Hec1-1D intensity (anti-EGFP), and 625 
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Hec1-9D intensity (anti-mKate, binds to FusionRed) in Hec1Δ cells expressing Hec1-1D-EGFP and 626 

Hec1-9D-FusionRed. Cells were treated with 5 µM MG132 to accumulate cells at a metaphase 627 

spindle steady-state. The two highlighted examples were taken from the same coverslip, where 628 

the top has a high Hec1-1D to -9D ratio and the bottom a low ratio. Scale bars=3 µm (large) and 629 

1 µm (zoom). (C-D) Mean of cellular EGFP fraction for each cells vs mean cellular K-K distance 630 

(C) and mean cellular kinetochore microtubule intensity (D) from cells in (B) (n=345 pairs, 690 631 

kinetochores, 23 cells) and control 1D- (n=270, 540, 18) and 9D-alone coverslips (n=300, 600, 632 

20) (Fig. S2C). Error bars=SEM.  633 

 634 

Figure 4: The kinetochore responds to the number of attached microtubules in a switch-like, 635 

highly sensitive manner. (A) Schematic depicting models for kinetochore signal integration. The 636 

kinetochore either processes microtubule attachments as many individual units (light grey 637 

boxes) and responds to attachments in an analog manner (top) or as one single unit and 638 

responds digitally (bottom). (B) Immunofluorescence imaging (maximum intensity projection) 639 

of SAC activation (Mad1), Hec1-1D intensity (anti-EGFP), and Hec1-9D intensity (anti-mKate, 640 

binds to FusionRed) in Hec1Δ cells expressing both Hec1-1D-EGFP and Hec1-9D-FusionRed. Cells 641 

were treated with 5 µM MG132 to accumulate cells at a metaphase spindle steady-state. The 642 

two examples are cells on the same coverslip where the top has a high Hec1-1D to -9D ratio and 643 

the bottom a low ratio. Kinetochores in both conditions are capable of recruiting (left zoom) 644 

and losing (right zoom) Mad1. Scale bars=3 µm (large) and 1 µm (zoom). (C) Fraction EGFP vs 645 

Mad1 intensity from cells in (B) (n=930 kinetochores, 31 cells) and 1D- (n=720, 24) and 9D- 646 

(n=750, 25) alone control cells (Fig. S3A). Red line indicates the fraction of kinetochores with 647 
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Mad1 intensities one standard deviation (horizontal lines) greater than average Mad1 intensity 648 

on Hec1-1D kinetochores.  649 

 650 

Figure 5: The mammalian kinetochore integrates attachment signals in a sensitive and switch-651 

like manner. Potential SAC inputs (Hec1-microtubule binding and spindle forces) are analog, 652 

varying widely in time and between kinetochores (top). We show that the SAC decision-making 653 

machinery (middle) responds specifically to Hec1-microtubule binding and activates Mad1 654 

removal machinery (bottom). We further show that in contrast to its analog inputs, SAC 655 

decision-making is digital: even kinetochores with very few microtubule attachments initiate a 656 

full Mad1 loss response, indicating a form of whole-kinetochore signal amplification and 657 

integration, and inconsistent with sub-kinetochore decision-making (shaded cartoon). 658 

Downstream of decision-making, the kinetochore is capable of tuning Mad1 loss rates in 659 

response to reduced attachment. The combination of digital decision-making and an analog 660 

response rate is well-suited to allow cells to rapidly exit mitosis while preventing errors (see 661 

Discussion). 662 

 663 

Figure S1: Mad1 is rapidly re-recruited upon nocodazole addition; related to Fig. 1. Timelapse 664 

imaging (maximum intensity projection) of representative SAC activation kinetics (EYFP-Mad1) 665 

and microtubule attachment (SiR-Tubulin) on kinetochores (CenpC-mCherry) in PtK2 cells after 666 

treatment with 10 µM nocodazole. Nocodazole addition (t=0) does not immediately 667 

depolymerize microtubule attachments. Mad1 is re-recruited on individual kinetochores rapidly 668 

only once attachments start to disappear. Scale bars=3 µm (large) and 1 µm (zoom).  669 
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 670 

Figure S2: Hec1-1D, but not 9D, rescues spindle defects after Hec1 depletion; related to Fig. 3. 671 

(A) Western blot of Hec1 and tubulin abundance in cells with a stably-expressed doxycycline-672 

inducible Cas9 and Hec1 sgRNA (Hec1Δ cells) (McKinley and Cheeseman, 2017). (B) 673 

Immunofluorescence imaging (maximum intensity projection) of microtubule attachments 674 

(tubulin), kinetochores (CREST) and Hec1 intensity in + and -dox Hec1Δ cells.  Scale bars=3 µm. 675 

(C) Immunofluorescence imaging (maximum intensity projection) of microtubule attachments 676 

(tubulin), Hec1-1D intensity (anti-EGFP), and Hec1-9D intensity (anti-mKate, binds to 677 

FusionRed) in Hec1Δ +dox cells expressing Hec1-1D-EGFP of Hec1-9D-FusionRed. Cells were 678 

treated with 5 µM MG132 to accumulate cells at a metaphase spindle steady-state. Hec1-1D 679 

expression, but not -9D, rescues the spindle structure defects in (B).  680 

 681 

Figure S3: Hec1-1D, but not 9D, allows for consistent SAC satisfaction after Hec1 depletion; 682 

related to Fig. 4. (A) Immunofluorescence imaging (maximum intensity projection) of SAC 683 

activation (Mad1), Hec1-1D intensity (anti-EGFP), and Hec1-9D-FusionRed intensity (anti-mKate, 684 

binds to FusionRed) in Hec1Δ +dox cells expressing Hec1-1D-EGFP or Hec1-9D-FusionRed. Cells 685 

were treated with 5 µM MG132 to accumulate cells at a metaphase spindle steady-state. Hec1-686 

1D expression, but not -9D, allows SAC satisfaction on most kinetochores. Scale bars=3 µm. (B) 687 

Fraction EGFP vs Mad1 intensity (Fig. 4) or average end-on attachment number (Fig. 3B-D) for 688 

Hec1-1D, and Hec1-1D + Hec1-9D conditions. Blue line indicates linear fit for fraction EGFP vs 689 

kinetochore-microtubule intensity (r2=0.57, p=10-8). X’s indicate the points along the fit used for 690 

the calculation of attached microtubule number (red = lowest average cellular fraction EGFP in 691 
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the Mad1 vs. fraction data, green = 100% EGFP). Calculation of the attachment numbers uses 692 

average number of microtubules attached to a HeLa cell at metaphase from Wendell et al., 693 

1993.   694 

 695 

Video 1: Mechanical isolation of a kinetochore-fiber from a metaphase spindle. Timelapse 696 

spinning disk confocal imaging (maximum intensity projection) of representative mechanical 697 

isolation of a kinetochore by severing its k-fiber (Hec1-EGFP and EGFP-Tubulin, black) at an 698 

aligned kinetochore pair in a PtK2 cell with NuMa partially depleted and endogenous Hec1 699 

depleted by RNAi. Upon initial laser ablation (red asterisks, t=0), the kinetochore whose k-fiber 700 

was severed (cyan circle) recoils towards its sister (orange circle). After ablation, the K-K 701 

distance remained low and the ablated k-fiber remained isolated from other spindle 702 

microtubules, never moving back towards it former pole. Periodically, the free minus was re-703 

ablated (red asterisks) to prevent reincorporation of the k-fiber into the spindle. The cell was 704 

fixed 16 s after the last frame. Three planes spaced 700 nm apart were acquired every 15 s 705 

(before ablation and periodically after) or 7.5 s (after ablation). On timepoints with 15 s 706 

intervals, duplicate frames were added. Playback is 10 frames/s. Scale bar=3 µm. Time is in 707 

min:s. Video corresponds to images from Fig. 1A,D. 708 

 709 

Video 2: Lowering microtubule occupancy at a kinetochore slows down SAC satisfaction 710 

kinetics.  Timelapse spinning disk confocal imaging (maximum intensity projection) of a 711 

representative kinetochore pair’s SAC satisfaction kinetics (EYFP-Mad1, green) and attached 712 

microtubules’ geometry (SiR-Tubulin, yellow) at kinetochores with reduced microtubule affinity 713 
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(Hec1-9D-FusionRed, magenta) during spindle assembly in a PtK2 cell with endogenous Hec1 714 

depleted by RNAi. Prior to t=0, one kinetochore is Mad1-negative and has a weak microtubule 715 

end-on attachment (cyan circle) while its sister is Mad1-positive and unattached (orange circle). 716 

Mad1 loss (orange arrow) on the orange-circled kinetochore begins at t=0 as the pair moves 717 

towards the metaphase plate, consistent with acquiring an end-on attachment. Mad1 remains 718 

detectable until t=7:26, significantly longer than in wild-type cells. Four planes spaced 350 nm 719 

apart were imaged every 20 s. Playback is 10 frames/s. Scale bar=3 µm. Time is in min:s. Video 720 

corresponds to the still images from Fig. 2A. 721 

 722 
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Figure S3
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