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motifs bound to Bub increases until it reaches the saturation point equivalent to the total 

concentration of Bub in the cell or [Bub]T. The concentration of all phosphodomains 

bound by one or more Bub units is defined as the total concentration of the eSAC.  

 

Equation 4) 

 

Catalysis of Closed-Mad2 conversion by the eSAC phosphodomains 

We assume that the recruitment of SAC proteins (Bub in our model) enables the 

conversion of open-Mad2 into closed/active-Mad2. The rate of this conversion, kamad, is 

the concentration-weighted sum of the conversion rates, ki, of each eSAC activator 

complex bound by Bub (the suffix i denotes the Bub-bound state of the eSAC activator 

complex):  

 

Equation 5) 

 

In the above equation, the summation starts from i = 2 to exclude the 

phosphodomains that do not bind Bub. The value of ki depends on the number of Bub 

molecules that an eSAC activator complex binds. For phosphodomains containing up to 4 

MELT motifs, when the eSAC activator complex binds more than one Bub, the 

cumulative rate of closed-Mad2 generation was assumed to be additive. Thus, k12B,13B = 

k12B + k13B for the eSAC phosphodomain that binds a Bub at the 12th and 13th MELT 

motif Table S2). As discussed above, eSAC activator complexes bound by multiple Bub 

molecules are the most abundant species at very low [Mps1]. Consequently, kamad at very 

low [Mps1] is dominated by these species. Hence, in this region kamad increases with the 
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number of MELT motifs on each phosphodomain. With increasing [Mps1], all the curves 

decrease monotonically towards their corresponding saturation value, which is essentially 

determined by the kamad value and concentration of states with only one bound Bub. The 

dependent of the kamad rates on the concentration of the various eSAC phosphodomains 

are plotted in Figure S6B. 

As discussed in the manuscript, the simple scheme discussed so far did not 

accurately predict the dose-response curve observed for the eSAC phosphodomain 

containing 6 MELT motifs (compare Figure 5B with the dashed black curve in Figure 

6D). Therefore, it was necessary to assume that the eSAC activator complex molecules 

that recruited more than one Bub produced active/closed Mad2 at a rate that is higher 

than the rate predicted by adding the activities of the individual MELT motifs bound by 

Bub. These rates are highlighted in red in Table S2. The increase in the kamad rate due to 

synergistic activity is modest: the values used in the model range from 5 to 20% over the 

baseline rate (Table S2). It should be noted that the choices of Bub binding states for 

which we assumed cooperativity, and its level (multiplicative factors), are not unique. 

Different combinations of cooperative states and cooperativity levels will likely result in 

a similar looking dose-response curve for the eSAC phosphodomain with 6 MELT 

motifs. However, we did not undertake an exhaustive analysis of the parameter space to 

find the entire range of permissible parameter values. This is because our aim was to 

demonstrate that some level of cooperativity between MELT motifs is necessary to 

explain the experimental data. 
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The effect of eSAC on exit from mitosis 

To study the effect of the closed/active Mad2 generated by the eSAC on mitotic 

exit, we used a model of mitotic checkpoint proposed  by (He et al., 2011). The molecular 

schematic of this model is displayed in Figure S6A. In this model, Cyclin B (symbolized 

as CycB) is synthesized at a constant rate and degraded by APC-Cdc20-dependent 

ubiquitination (upper left corner of Figure S6A). The abundance of Cyclin B determines 

the activity of CDK-CycB complexes. In the original model, the anaphase-inhibitory 

signal was generated by chromosomes not under tension. We replaced this variable with 

the eSAC, and assumed, as in the original model, that the strength of the eSAC signal 

depends positively on CDK-CycB activity and negatively on an unspecified (“counter-

acting”) protein phosphatase (CAPP) (Bouchoux and Uhlmann, 2011; Sullivan et al., 

2004). This is a reasonable assumption, because the eSAC uses the functional domains of 

the same two proteins that normally activate the SAC from unattached/tensionless 

kinetochores.  

We adapted this model by replacing unattached kinetochores with the eSAC. An 

active eSAC generates closed Mad2 as described in the previous section. Closed/active 

Mad2 binds reversibly to Cdc20, and sequesters it in the form of the MCC. The MCC 

dissociates, if the bound Mad2 molecule undergoes spontaneous inactivation. We also 

assume that active APC-Cdc20 promotes the inactivation of Mad2 in mitotic checkpoint 

complexes. The assumed positive feedback of active Cdc20 on its own release from the 

MCC provides a means to accelerate the activation of APC:Cdc20 during the transition 

into anaphase. 
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The dynamics of our eSAC model are described by the ordinary differential 

equations: 

Equations 6) 

 

 

 

 

 

 

In the above equations, [Name] = concentration of the named species, in arbitrary 

units. CycB represents the active cyclin-dependent kinase (CDK-CycB) and Cdc20 

represents the active anaphase promoting complex (APC-Cdc20). eSAC refers to the 

dimer between phosphodomain and Mps1 kinase, and we assume that it can be in an 

actively signaling state eSACA or an inactive state eSACI ([eSAC] = [eSACA] + 

[eSACI]). MCC and CAPP refer to the mitotic checkpoint complex and the CDK 

counteracting protein phosphatase, respectively. In addition, the total concentration of 

Mad2 and Cdc20 proteins are: 

 

Equations 7) 
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Here, the subscript T indicates the total concentration, subscripts A and I indicate 

active/closed and inactive/open forms of Mad2, and the subscript F indicates free Mad2A 

molecules. In the above equations the parameters [eSAC] and kamad depend on the Mps1 

concentration, as described in the previous section. The values of the other parameters in 

the model and of the fixed concentrations of some components are listed in Table S1 (He 

et al., 2011)). 

This model of the spindle assembly checkpoint behaves like a bistable switch, 

which may be either ON (checkpoint engaged, cell blocked in metaphase) or OFF 

(checkpoint disengaged, cell progresses into anaphase). To illustrate the operating point 

of this switch, the kamad curves for eSAC phosphodomains containing two and six MELT 

motifs, along with their corresponding bifurcation curves (the values of kamad 

above/below which the switch is ON/OFF) are plotted in Figure S6C. For both 

phosphodomains, the bifurcation curves are higher than the kamad curves, meaning that the 

switch is OFF in both cases. Hence, in both cases the cell will exit mitosis only after the 

Cyclin B level in the cell drops below a threshold value. Because the difference between 

the actual kamad value and the bifurcation point is small, the checkpoint control system 

starts close to bifurcation point where the rates of change of all variables are very small.  

 

Simulation of time in mitosis 

We explicitly simulated the ‘time in mitosis’ as follows. We assumed that cells 

remain in mitosis as long as the Cyclin B concentration in the cell is > 5 a.u. (arbitrary 

units). Therefore, the time at which the concentration falls below this threshold was 

defined as the time in mitosis.  We numerically integrated the ODEs described in the 
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previous section to calculate the time evolution of different species. Typical time courses 

for CycB concentration for different eSAC phosphodomains, for [eSAC] = 10 a.u., are 

displayed in Figure S6D. Since the operating point of the bistable switch is OFF, the 

system always comes out of mitosis (as seen by the drop in [CycB]), albeit after different 

time delays.  

The time evolution of [CycB] can be understood as follows. Initially, CycB is 

degraded at a very slow rate because the concentration of free Cdc20 is low and the rate 

of Cdc20-APC mediated degradation of CycB is only slightly larger than the rate of 

CycB synthesis. The slow rate of CycB degradation can also be understood from our 

observation that the system starts off close to the bifurcation point, where the rates of 

change of all quantities are small (Figure S6C). As [CycB] falls below the assumed 

threshold value, two positive feedback loops get activated, causing a catastrophic drop in 

[CycB]. The first feedback loop negatively impacts the generation of MCC by 

inactivating the eSAC, likely by preventing it from recruiting SAC proteins. A lower rate 

of MCC generation means an increase in [Cdc20], and hence increased degradation of 

Cyclin B. The second feedback loop impacts the disassembly of MCC by active 

APC:Cdc20 complexes.  

It is important to note here that the system operates close to the bifurcation point 

(Figure S6C). This operating point suggests that its response (measured by the time in 

mitosis) will be noisy, as small changes in parameter values can result in a large change 

in response. This prediction is indeed consistent with experimental data where significant 

noise is observed in the time spent by cells in mitosis for all types of phosphodomains 

(see the dose-response data in Figures 4 and 5). To study the effects of noise on time 
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spent in mitosis will require a reasonable model of stochastic fluctuations all along the 

pathway, from activation of eSAC domains to the eventual activation of APC:Cdc20 

complexes. At this stage, we have restricted our efforts to analyzing the average behavior 

of ‘time in mitosis’ using deterministic simulations.  
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Figure S1 (Related to Figure 1) 

The design and implementation of the ectopic SAC activator (A) Fluorescent images 

showing the localization of the indicated KNL1 regions as GFP fusions in live HeLa cells 
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(numbers alongside each micrograph denote the residues in each construct). As expected, 

the known kinetochore-binding domain at the C-terminus of KNL1 strongly localized to 

kinetochores. Surprisingly, residues proximal to its N-terminus also transiently localized 

to kinetochores only in prometaphase (Scale bar = 5 μm).  (B) Images at the top display 

metaphase cells with misaligned chromosomes. KNL1 fragments containing it N-

terminus also localized to kinetochores on these chromosomes. Dashed boxes highlight 

the magnified areas shown in the bottom right panel. (C) Each eSAC cell line was created 

by integrating a bi-cistronic cassette in the HeLa genome at a unique Loxp site via Cre-

mediated recombination. This strategy was developed in Ballister et al 2013. (B) The 

Phosphodomain-neonGFP-2xFkbp12, wherein the phosphodomain cassette can contain a 

specified numbers of MELT motifs, is constitutively expressed by the EF1α promoter. 

The 5’ UTR of this gene also contains a sequence encoding shRNA against the 

endogenous FKBP protein. Frb-mCherry-Mps1, wherein Mps1 can be either the full 

length gene or just the sequence encoding its kinase domain is expressed conditionally 

from a TetON promoter. 
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Figure S2 (Related to Figure 2)  

Phosphorylation of the MELT motifs in the minimal KNL1 phosphodomain by the 

Mps1 kinase domain is necessary for eSAC activity. (A) Kinase activity of the Mps1 

kinase domain is necessary for the rapamycin-induced mitotic arrest. Rapamycin-induced 

dimerization of the analog-sensitive allele of the Mps1 kinase domain, Mps1S602A, with 

the minimal phosphodomain (displayed in the cartoon at the top) produced a weak 

mitotic arrest. The weak eSAC-induced arrest likely indicates a significantly reduced 

activity of the mutant kinase domain. Combined treatment with Rapamycin and the ATP 

analog 1NM-PP1 (10 μM) abrogated the eSAC-induced arrest. Cells expressing > 5 a. u. 

of Frb-mCherry-Mps1S602A were used for this analysis (n=177, 206, and 332 

respectively; p<0.0001, Mann-Whitney test). (B) Phosphorylatable MELT motifs are 
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necessary for rapamycin-induced mitotic arrest. The minimal phosphodomain used in the 

experiment is displayed at the top. n = 853, 2238, 252, and 313 respectively. In both A 

and B, black horizontal lines display mean ± s.e.m. 
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Figure S3 (Related to Figures 4 and 5) 

The abundance of the eSAC kinase domain is comparable with that of the 

endogenous Mps1 kinase. (A) Comparison of the expression level of the endogenous 

Mps1 and the eSAC Mps1 kinase domain (Frb-mCherry-Mps1500-857) for three different 

cell lines expressing the indicated phosphodomains. Total cell lysates probed with an 

antibody against the C-terminus of Mps1, which is present in the kinase domain used for 

the eSAC. (B) Assessment of the expression levels of the eSAC phosphodomains 

(antibody against the Fkbp12 protein) and their phosphorylation after rapamycin-induced 

dimerization with Mps1 (phosphospecific antibody against the 13th MELT motif does not 

recognize the phosphodomain containing the 12th MELT motif alone). 

 

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 22, 2017. ; https://doi.org/10.1101/154054doi: bioRxiv preprint 

https://doi.org/10.1101/154054


 
 

24 
 

 

 

Figure S4 (Related to Figures 4 and 5)  

The duration of the eSAC-induced metaphase arrest correlates strongly with the 

cellular abundance of the kinase domain, but not with the abundance of the 

phosphodomain. (A-B) Dependence of eSAC-induced mitotic duration on the 

abundance of the phosphodomain (neonGreen fluorescence) and Mps1 kinase domain 

(mCherry fluorescence) shown for minimal KNL1 phosphodomains containing 2 and 6 

MELT motifs respectively (n = 1376 for a and n = 1877 for b). In A and B, magenta spots 

represent measurements from one cell. The surface was calculated using the ‘griddata’ 
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function with cubic interpolation in MatLab. (C) Dose-response characteristics of a 

phosphodomain containing 6 MELT motifs when it is targeted to the plasma membrane 

(n=1056). (D) The complex nature of the dose-response characteristics is retained even 

when the endogenous SAC activation switch is inactivated by inhibiting the kinase 

activity of the endogenous Mps1. Open squares and circles represent averages of binned 

data, error bars represent s.e.m. 
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Figure S5 (Related to Figure 6)  

Changes in the abundance of Bub-bound species at different concentrations of the 

eSAC activator complexes (A-E) The abbreviations for different Bub-bound 
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phosphodomain species are as follows. The subscripted number following the M denotes 

the rank of the MELT motif in the KNL1 phosphodomain (see Fig. 4A). For example, 

M12 symbolizes the eSAC phosphodomain with one MELT motif, and M12,13,14_12,13,14 

symbolizes the phosphodomain with six MELT motifs. The subscript ‘B’ in front of the 

number signifies that the MELT motif denoted by the number is bound by Bub. The 

concentration of Bub is assumed to be 30 a.u. 
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Figure S6 (Related to Figure 6)  

Schematic of the model used to simulate anaphase onset (adapted from ref. (He et 

al., 2011)). (A) An active eSAC produces the active or “closed” form of Mad2, which 
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sequesters Cdc20 as part of the MCC. This eSAC activity is promoted by high CyclinB-

CDK1, and inhibited by an unspecified phosphatase (CAPP). High CyclinB-CDK1 

activity also inhibits the activity of the phosphatase. eSAC catalyzes the formation of the 

active/closed Mad2 at a rate kamad determined by: (1) the amino acid sequences of the 

MELT motifs in the eSAC phosphodomain, (2) synergistic activity of the MELT motifs, 

and (3) abundance of the eSAC activator. Closed/active Mad2 sequesters Cdc20, and thus 

inhibits the APC. Free Cdc20 acts with APC to degrade Cyclin B and to promote the 

dissociation of the Mad2-Cdc20 complex. Thus, kamad  also determines the rate of 

degradation of Cyclin B by the APC. When Cyclin B levels fall below the minimum 

threshold value, the two feedback loops work concurrently to rapidly drive the cell out of 

mitosis. (B) Dependence of the cumulative rate of generation of active/closed Mad2, 

kamad, by different eSAC phosphodomain plotted on the eSAC abundance. (C) kamad 

curves for eSAC phosphodomains containing 2 and 6 MELT motifs, along with their 

corresponding bifurcation curves (kamad values above/below which the switch is 

ON/OFF). (D) Change in Cyclin B concentration with respect to time for different eSAC 

phosphodomains. We assume that the cell exits mitosis when the Cyclin B concentration 

falls below 5 a.u. (dashed line). (E) Dependence of time in mitosis as a function of the 

eSAC activator complex concentration for different eSAC phosphodomains. The dashed 

curve corresponds to dose response curve for the phosphodomain containing 6 MELT 

motifs calculated by assuming that cooperativity is absent. 
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Table S1 (related to Figure 6)  

Parameter values used in the simulation of the eSAC 

 

 

 

 

 

 

  

Parameter Value Parameter Value 

kf11 1 nM−1  min−1 kr11 0.1 min−1 

kf12 1 nM−1  min−1 kr12 0.1 min−1 

kf13 1 nM−1  min−1 kr13 5 min−1 

kf14 1 nM−1  min−1 kr14 0.1 min−1 

kscys 0.001*[CycB]M min−1 kdimcc 1 min−1 

kdcyc 0.001 min−1 kacapp 0.1 min−1 

kdcyc,c20 0.1/[Cdc20]T  min−1 kicapp,cyc 1/[CycB]M min−1 

kan,cyc 1 nM−1  min−1 [CycB]M 50 nM 

kin,capp 1 nM−1  min−1 [Cdc20]T 25 nM 

kimad 0.1 min−1 [Mad2]T 50 nM 

kimad,c20 10/[Cdc20]T  min−1 [CAPP]T 50 nM 

kasmcc 400/[Cdc20]T  min−1   
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Table S2 (Related to Figure 6)  

Rates of open-Mad2 to closed/active-Mad2 conversion by the Bub binding states. All 

the rates were multiplied by a scaling factor 0.013 in order to scale the simulation results 

to match the experimental data. For the sake of brevity, we have shortened the MELT 

motif numbering notation using the rule: 11->1, 12->2, 13->3, 14->4. Only the numbers 

of Bub-bound MELT motifs are listed. In the case of eSAC phosphodomain with 6 

MELT motifs the underscore symbol is used to differentiate between the two sets of 

MELT 12,13,14. Cooperative interactions are highlighted in red. 

 

Parameter Value Parameter Value Parameter Value 

k4 1.02 k2_2 2*k2 k34_34 2*k34 

k3 1 k234 k2+k3+k4 k34_24 k34+k24 

k2 1 k4_34 k4+k34 k34_23 k34+k23 

k1 1.01 k4_24 k4+k24 k2_234 k2+k234 

k34 k3+k4 k4_23 k4+k23 k24_34 k24+k34 

k24 k2+k4 k3_34 k3+k34 k24_24 2*k24*1.08 

k23 k2+k3 k3_24 k3+k24 k24_23 k24+k23 

k14 k1+k4 k3_23 k3+k23 k23_34 k23+k34 

k13 k1+k3 k34_4 k34+k4 k23_24 k23+k24 

k12 k1+k2 k34_3 k34+k3 k23_23 2*k23 

k123 k1+k2+k3 k34_2 k34+k2 k234_4 k234+k4 

k124 k1+k2+k4 k2_34 k2+k34 k234_3 k234+k3 
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